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TECHNICALNOTE4369

SIZP-FLOWEEAT‘TRANSFERFROMCYLINDERSINSU3SONICAIWEIEMS

By LionelV.Baldwin

S-Y

Over1000measuredconvectiveheat-tramsfer coefficientsfornormal
cylindersin subsonicslipflowhavebeencorrelatedby usingNusselt
numberasa functionofReynoldsandIGxuisen(orMach)numbers.Theex-
perimentalrangecorrespondsto thefollowingdimensionlessgroups:Mach
numberh!,0.05toO.80;Reynoldsnmber Re,1 to 75;fiudsennumber

q Kh,0.009to0.077. Airtemperaturesbetween0°and280°F andcylinder
mu temperaturesbetween34°ad 620°F wereused.At I@ = 0.009,the

Nusseltnumber(Nu)correlation~trapola,tedsmoothlyintocontinuum-
. flowempiricalcurvesjwhichshow Nu asa fuuctionof @ witha

small,regularvariationin Nu fromcompressibiMtyorMachnumber
effects.Thedatashowedincreasingsensitivityto h as itincreased.u to0.077. TheexpertientalNu curvesat lb = 0.077 qualitatively
verifiedtwocharacteristicspredictedby free-molecular-flowtheoretical
analysis.Thesearea shifttofirst-powerdependenceon Re andlarge
separationofconstantMachnumberparametriccurvesduetorarefiedgas-
flowphencm-. Thereforejthe~erimentalslip-flowcorrelationserved
asa bridgebetweencontinuumempiricalrelationsandfree-molecular
theoreticalresults}butdatabetween0.10< I@ < 2 arerequiredto cam-
pletethisgeneralcorrelation.

A complicatednonlineardependenceoftheheat-transfercoefficient
tothedifferencebetweencylinderandrecoverytemperatureAT isre-
ported.Theheat-transfercoefficienth increasedwithincreasing
N for Ih <0.02;whilefor Kn >0.02,h decreasedtithincreasing
AT. TheMa&hnunberhada secondaryeffectonthis AT phenomenon.
Forcylindersoperatedat AT >200°F andovertheentirerangeof
thisresearch,an increaseinairtanyeraturetncreasedtheheat-transfer
coefficient.Theprecedingweresecond-ordereffectsthatcauseddetia-
ticnsofup to 20percentfromthegeneralcorrelation.

Finallyjtheapplicationoftheseresearchresultstohot-wire
anemnnetzyisdikcussed.
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IM!ROIXK!TION

Finemetalwires,0.00005to0.001inch

NACATN 4369

in Mameter,havebeen
widelyusedinaero&nsmicresearchasanemometers.‘IT&useofhot-tire
anemometersformesaflowmeasurementsbeganwiththeearlyworkofX@
(ref.1),whiletheinvestigationoffluctuationsinairflowsstarted
withtheclassicalresearchofDrydenandKuethe(ref.2). Inevery
application,thesensitivityoftheelectricallyheatedanemometerto
theflowpropertiesisdeterminedby theh-Gat-transfercharacteristics
of cylindersinforcedconvection.Assumingpotentialflowoverthe
wire,Kingderivedm equationforsteadyflowthatrelatestheelectri-
calpowerinputtotheheatlossby convection:

12~ = (A+ B@)(~ - Ta] (1)

where

A = a2k

(AllsymbolsaredefinedinappendixA.) Inusualpractice,thecon-
stantsinKingtsequation,A and B, areobtainedexperimentallyfrom
a calibrationcurveof 12Qw/(~- Qa)asa functionof W foreach
wireused. Thesensitivitypretictedbyfing~sequationis thebasis
forhot-tire-anemometertechniquesthathavebeccxneratherelaborate
(e.g.,ref.3}in slowsubsonicflows.

As aerodynamicresearchprogressedintotrsmsonicandsupersonic
flows,itwasnaturaltoinvestigatetheheat-losscharacteristicsof
hotwiresandtoattemptextensionofthisresearchtool. In orderto
describetheinfluenceofflowparametersovera widera&e, recentin-
vestigatorshaveuseddimensionlessgroups>0generalizeheat-losscor-
relations.Eot-wireheat-lossstudiesnot-bnlysupplyanemometersensi-
tivity,butalsohavefurnishedthebulkoftheheat-transfermeasurements
forcylindersin slipandnear-free-moleculeflows.Interestin this
phaseofaerodynamicshasgrowngreatlyas ithasbecomenecessaryto
computeheattransfertomissilesandsatellitesthatflyathighalti-
tudes.Thoughtheseobjectsgenerallyflyatveryhighspeeds,the
actualflowoverthebodyissubsonicinmanycases,becauseshockwaves
occurnearforwardsurfaces.Thisinvestigationfollowssomeexcellent
researchinthisfieldduringthepasteightyears;therefore,itis
appropriatetooutlinetheproblemstuttledherein termsofwhatpre-

●

v

g
.-

.

G-.

viousworkershaveestablished.
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~ ReviewofPreviousInvestigations

TheReynoldsnumber(basedoncylinderdiameter)
theusualdimensionlessgroupschosento specifythe

3

andMachnumberare
regimesforairflow

overnormalcylinders.l?igure1 isa convenientswmar~ofrecentheat-
transferexperimentswithnormalcylinders.TheMachnumberoftheordi-
nateisbasedonfree-streemvelocityendstatictemperature;theab-
scissaistheReynoldsnumberbasedonthecylinderdiameterandon
free-streamdensity,velocity,andviscosity.Theshadedareasindicate
theexperimentalrangesofpreviouswork,andtheseareasarekeyedby
numberstothereferenceListofthisreport(refs.4 to 16). Figure1
alsoshowstheresearchregionofthispaper.

ThetwoconstantKnudsennruiberlinesinfigure1 providea guideto
theflowregimes.Thoughtheboundariesoffree-molecule,slip,and
continuumflowsprobablyarenotsharplydefined,reference15proposed
thefollowingdefinitionsforflowovernomal cylinders:

(1)Continuumflow:Kn<O.001

(2)Slipflow: 0.001< m< 2

(3)Free-moleculeflow: ~ >2

TheKhudsennumberI@ is definedas theratioofthemeanfreepathof
thegas k tothecylinderdiameter%. Enetictheoryofgasesre-
latesthefiudsennumbertotheratioofthe~ch nuubertotheReynolds
number;forair,thisproportionalityisasfollows:

(2)

At atmosphericpressurewithanemometerwires0.0002inchor smallerin
diameter,theflowregim forthehotwiresinmuchoftheearlyturbu-
lenceworkwouldfallbelow M of0.10andbetweenRe of3 -d 30.

King’s‘equationcanbe writtenintermsofnondimensionalgroupsas

Nu “’’”e+ (la)

TheO.5-powerdependenceo?iReynoldsnumberiswellestablishedin S1OW
subsoniccontinuumflows(ref.11). However,Lowell(ref.10)wasthe
firsttopointoutthattheReynoldsnumberalonedoesnotcorrelate
fhe-wireheat-transferdataoveranappreciablevelocityrsage.He
reportedthattheMachnumiberwasa parameterat M = 0.375and0.575.
Then,LaurenceandIandes(ref.9]foundthattheirdatacorrelatedif
Nu wasplottedasa functionof @, buttheMachnmnberremaineda

.-.
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parsmeterevenin therangeof M = 0.1,0.2,and0.3. Sincethework
beingreviewedislimitedtoroom-temperatureairflowsovercylinders T
(i.e.,viscosityis constant),theuseofboth Re and M simplyshows
that p% and U arenotinterchangeablein theproductPDJJ. This
hasbeennotedbylaterinvestigators(refs.12,14,and16). Itis
wellestablishedthatthemaximumsearationoftheconstantMachnumber

@linesona plotof Nu against e occursat thelowestMachnumbers;
infact,by properchoiceoffluidproperties,this“Machnumbereffect”
canbe almosteliminatedin supersonicflow(refs.7,8,14,and15).

TheKnudsennumberwasintroducedasa correlatingparameterinref-
~

erence14. Theeffectof P and ~ intheproductp% wasfoundto
be fullyequivalentoverthewideexperimentalrangeofreference14.
Sinceconditionsof constantp% areconstitJWmisennumberflows,
theKnudsenandReynoldsnumberswereshofitobe thegoverning&?am-
etersin theincompressiblerange.Thenonequivalenceof p% and U
inattemptedReynoldsnumbercorrelationstismostpronouncedforvery
finetiresthatexhibitedlowsensitivitytovelocity. *

.—
Nearlyalltheanemometerheat-lossinvestigatorshavevariedthe

operatingtemperatureofthetire(refs.9,10,.14~and16). Themost ..Z_
extensiveresearchhasbeenreportedby reference14,whichfoundthat
the Nu variedwithwiretemperatureata givenflowcondition,and
thatthisvariationdependedonboth M and p. However,no simple

-. .

correlatio~wasfoundto coveralloftheeffectsobservedwhenthe
wiretemperaturewasvaried.

Reference16reportsmeasurementsoftienonlinearvariationwith
wiretemperatureoftheheat-transferrate@m hotwiresfrom M = 0.5
to 2.5and Re = 18to 144.

—
Thereferenceproposeda nonlinearoverheat

ratio ~ definedas

(3)

whereho istheheat-transfercoefficientextrapolatedto AT = 0,
ad ‘%* (~ - Qe)/Qe.Theoverheatratio ~ wasfoundtobe a func-
tionofMachandReynoldsnumbers.Liker&ference-14,reference16

—

foundthatthenonlinearityreversesundersme flowconditions.That
is,forsomeReynoldsnumbersin thesubsonicregiontheheat-transfer
coefficientincreasedwithincreasingwiretemperature;and,depending
on M and Re,theheat-transfercoefficientwasobservedtodecrease
withincreasingwiretemperatureunderotherflowconditions.

—

Theworkofreference16is thenearestapproachtoformulating
clearlytheimportantparametersaffectingthenonlinearvariationof
heat-transferratewithwiretemperature.However,theresultsare

#
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limitedtotransonicandsupersonicMachnmnbersandtothreevaluesof
3 Reynoldsnumber.Additionaldataarerequiredtoverifythepredicted

trendsat lowerstisonicMachnunibers.

Objectivesof ThisResearch

Theprimaryobjectiveofthisresearchwastoexaminethenonlinear
variationofheattraasferwithwiread airtemperatures.Theeffect
ofwiretempefitureis complicatedandnotfullyclarifiedby previous
work,whilethereappearstobe no systematicvariationofairtempera-
tureinheat-transferexperimentsfromfinewires.Besidesprovidingan
additional.insightintothenonlinearityofheattransferwith AT,data
takenatvariousairtemperaturesareimportantforsomehot-wire-
anemometerapplications(e.g.,appendixE ofref.17).

Furthermore,sufficientheat-transferdatafromnormalcylinders
havebeen~ublishedin recentyearsthatit shouldbe possibleto show
clearlytheeffectofcontinuum,slip,andfree-moleculeflowsonheat-.
transfercharacteristics.An attempttofinda prelindnarygeneralcor-
relationbasedontheresultsofthisandearlierworkisalsoan ob-

* jectiveofthisreport.

APPARATUSANDEROCEDURE

Apparatus

Tunnelandairfacili~.- A sketchofthevariable-density,low-
turbulenceturmelusedin thisresearchis shownin figure2. Theincom-
ingairpassedthrougha cone-shapedfilterscreencoveredwithfilter
paperandwoolfelt. Theairthenenteredthe6-inch-diameterinlet
sectionwherea total-pressureprobeandheatercontrolthermocouple
werelocated.Thetunnelcontractedtowe 1.50-inch-diametercircular
testsectionin 6 inches;boththeinlet’andtestsectionswerepolished
machinedsteel,“Penetrated’*topreventrustformation.Foursta.tic-
pressuretaps(1/64-in.holes)werelocatedin theplaneofthehot-wire
probe.Statictapsalsoextendedalongthelengthof thecontracted
area.As showninthesketch,thehot-wireprobewasmountedina probe
actuatorthatmovedthewireoutoftheairflowintoa smalldead-air
volumeforprotectionwhenflowconditionswereadjusted.A high-
-pressurevalvepackingglandactedas thevacuumsealbutallowedthe
inandoutmotionoftheprobe.Thissimplefeaturewastheprimary
reasonforthelongtestlifeofthefinetungstenwireprobe(number
109)reportedhere;thedesi~ evolvedduringthebreakingofthefirst
108wires.

a
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Thetunnelwasservicedby thecentrallaboratoryairfacilities.
Test-sectionstaticyressurecouldbevariedbetween3 and110inchesof
mercuz’yabsolute.Mass-flowratewasindependentlyadjustable;inthis
manner,thecorrespondingtest-sectionMachnumbercouldbe variedbe-
tweenO and0.85.Forlowmass-flowrates,theairmassflowwas
meteredwitha calibratedsonicorifice.Themeasuredtumneltotaland
staticpressureswereusedtocalculatetheMachnumberassumingisen-
tropicrelationsforallmassflowabove0.014poundpersecond.A
waterU-tubemanometerwasusedfortotal-staticdifferenceslessthan
2 inchesofmercury;allotherpressurer~adingswerereadfrm cali-
bratedmercurymanometers.Pressuresweremeasuredtoat leastthree
significantfiguresonbothwaterandmercurymanometers.S&e uncon-
trollablefluctuationsoccurredintheinletalrsupply,whichmayhave
resultedina randomerrorinreadingofthethirdsignificantfigure.

Thetotaltemperatureoftheaircouldbe variedbetween-10°and
300°F by alternateuseofrefrigeratorcoilsandelectricalheaters.
Totaltemperaturewascalculatedfromthemeasuredrecoverytemperature
ofa calibratedthermocouplelocatedintheprobetest-sectionplane
(seefig.2). ThistemperaturewasreadtothenearesthaH degreeon
a self-balancingindicator.Althoughthe~.tunnelandinletpipingwere
wellinsulated,itwasdifficulttocontroltheairtotaltemperatureas
closelyas desiredoveralltheflowconditions.Deviationsfromthe
nominalairtemperaturesinday-to-dayoperationwereJi_OOF. However,
theairteqeraturelistedintableI isprobablyaccumtewithin~l”F
ofthetotalairtemperatureforeachdatapoint;uncertaintyin total
airtemperaturedidnotcontributesignificantlytouncertaintyofthe
calculatedNusseltnumbersexceptforwirqtemperaturesonly50°F above
recoverytemperature.Theeffectofair-temperaturefluctuationsduring
anytunnelflowsettingwasminimizedbymakinga linearinterpolation
betweenthetwotemperaturesmeasuredat thebeginningandendofeach
setofsixwire-heat-lossmeasurements.

Probede6ignandtungsten@re. - A sketchoftheprobeusedthrough-
outthisresearchis showninfigure3. Severalfeaturesofthisdesign
bearmentioning.Oneoftheprimerequirementsis thatthewire-
supportingprongsdonotsubstantiallyinterferewiththeairflowover
thewire. Evidencethatthedesignusedmettherequirementhasbeen
suppliedby reference12; Severalprobes-ofsimilardesignwereused”
inan experimentaldeterminationoftheeffectofyawangleofattack
onfine-tireheattransferin reference12,whichconcludedthatno
effectofprobeinterferencecouldbenotedin theresults.Another
importantfeatureis thatthefour-wireleaddesignhasmatchedmetal
junctions;thatis,allunlikemetalcontactsoccursymmetrically.
Sincetheprobebodywasoccasionallyina Large temperatureWatient.
(e.g.,300°F atfine-wiresupportsto80°F at leadconnector),itwas
importantthatno unbalancedthermocoupleelectromotiveforceexistin
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theprobe,especiallywhenthewirewasopezatedonly50°F aboveair
temperature.Althoughsomeoftheearlyprobedesignsdidnotsatisfy
thisrequirement,theprobereportedheredidnotshowanydirect-
currentunbalanceat zeropowerinputforalloperatingtemperatures.
Finally,thefour-lead-wiredesignandtheuseofa Kelvindoublebridge
minimizedtheelectricalresistanceoftheprobeanditsinfluenceon
theaccuracyofthehot-wireheat-lossmeasurements.Ws pointis
clarifiedfurtherinthediscussionofanemmneterelectricalequipment.

Tungstenwirewitha nominaldiameterof0.0002inchservedas the
heat-transferelementoftheprobe.Themountingtechniqueis described
inreference9. Briefly,thewireiscopper-platedat theendsforease
in solderingtotheInconelprongs;a high-temperaturesoftsolder
(m.p.,650°F]wasused. Oneof themajordxawbacksintheuseoffine
wiresasheat-transferelementsistheuncertaintyin thewirediameter
(e.g.,seeref.9). Inanattemptto decreasethisuncertainty,electron
micrographsweretakenofsamplesfromthespoolofwireusedonprobe
109. Thesephotographsareshowninfigure4; eachisa tifferentwire
sample.An averagediameterwascalculatedfrcmseveraldiametermeasure-
mentsnearthecentralpositionofeachphotograph.Thenecked-downsec-
tionof sampleC wasnotincludedinthisaverage,whichwas0.00022
inch. Itcanonlybe hopedthatanywiressmpleas irregularas sample
C wouldbe el~ted afteritsrocm-temperatureresistancewasmeasured.
5t is,annealedtungstentiresofequallengthshavenearlyidatical
resistanceif thewirediameterisuntiorm.Manyprobeswerediscarded
asa controlprocedurewhentheirmeasuredresistancedeviated~ per-
centfromtheaverage.Thoughtheaveragediameterobtainedfrcmthese
&amplesisnotnecessarilythediameterof the0.077-inch-longsample
usedinprobe109,theaverageismoreprobablethanthemanufacturer’s
nominaldismeter,and0.00022inchwasusedinallcalculations.

Oneofthemosttiportantphysicalpropertiesoftungstenforthe
calculationofheatlossis therelationbetweentemperatureandelec-
tricalresis~ce. Earlyin theresearchitwasapparentthateachwire
requiredcalibratingif consistentdataofthetemperatureloadingeffect
onheat-traasfercoefficientweretobe obtained.Therefore,a small
calibrationheaterwasconstructed,a sketchofwtichis givenin fig-
ure5. Severalwiresweresilver-solderedtoprobessothesolderjunc-
tionwasunaffectedat 650°F. Thesewireswerethenannealedby
supplyingsufficientcurrenttoheatthewiretoabouttwicetheirrocnu-
temperatureresistancefor30minutes.Theannea2ingcausedtheroom-
temperatureresistancetodropseveralpercent,butafter30minutesno
furtherchangewasobserved.Theprobesweretheninsertedintothe
heater,anda completecalibrationcurvewasobtainedfran32°to600°F.
Twosamplecurvesaregiveninfigure6(a). Inallcases,a l-milliampere
detectioncurrentwasusedwiththeKelvinbridge;therefore,negligible
heatingaboveairtemperatureresultedfrcmtheresistancemeasurement.
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A least-squaresolutionforthebestparabolathroughthesepointsgave
thecoefficientsshowninfigure6(a);thecurvewasrepresentedby
QW =~0[1 +a(Tw - 32)+ 13(Tw- 32)2].Fromtensuchcompleteresistance-
temperaturecalibrationcurves,anaveragevalueofthesecond-order
coefficientP wascalculatedtobe 3.40x10-7 (OF)-2*Thena partial
calibrationcurvewasmeasuredforthesoft-solderedwirereportedhere
(probe109).As showninfigure6(b),a least-squareparabolawasde-
terminedfromthedatapointsassumingP = 3.40X10-7(°F)-2;there-
sultingempiricalequationwasusedforallcalculationstorelate
measuredwireresistancetowiretemperature.

Anemometerelectricalequipment.- A sketchoftheprimarycircuit
is shownin figure7. Thedesiredoperatingwireresistancewasseton
a LeedsandNorthrupKelvinDoubleBridge(Model4285)tofoursignifi-
cantfigures.Withtheswitchin “hot”positiontheconstant-average-
temperatureanemometercircuitvariedtheyowerinputtothebridgeuntil
thewirewasheatedtothedesiredresistanceandthe“error”orgalvanom-
eterssignalwasa minimum.A hand-balancedvolt-rangepotentiometer
cotiectedtothepotentialleadsofthedoublebridgewasusedtomeas-
urethevoltageacrossthehotwire. Thepowerinputtothewireelement
couldbe reproducedata givenflowsettingtoatleastWee significant
figuresinthismanner.Tomeasuretheresisticecdtheunheatedwire,
theanemometercircuitwasswitchedto “cold”yosition.Thissupplied
thebridgewithaboutl-mi~amperedetectiaacurrent,andtheresistance
wasfoundbyvaryingthebridgeresistanceuntila l.65-micrcmolt-per-
millimetergalvanometersindicatedbalance.

m

.

TheuseoftheKelvinbridgeandfour-leadyrobesmadeitpossible
to-measuretheresistanceandvoltagedropofonlythetireelement,
solderJunction,andsupportprongs.Sincethecombinedresistanceof
theJunctionsandprongswasles8than0.2,ohm,theseleadresistances
werelessthsn3 percentofthemeasuredresistancesintheworstcase.

Procedure

Thetunnelwasoperated at, nominal Mach numbers of0.05,0.10,0.20,
0.30,andSOonto0.80.At eachMachnumber,sixs&tic-density
settingswereusedcorrespondingtonominalwirelG_mdsennumbersof
0.00916,0.0143,0.0256,0.0416,0.0555,ad 0.0770.Mostofthese
combinationsweresetat$Llfournominaltotalairtemperaturesof
tunneloperation:0°,80 , 180°,and280°F. An importantfeature

r,

ofthetestprocedurewasthescmewhatrandm scheduleofdatataking.
TherunnunbersintablesI and11arechronological.As tillbe

—

emphasizedin theRESULTSsection,thisproceduredecreasestheprob-
abilityofsystematicerrorinthemeasurements. u
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Afterthetunnelhadbeensetat thedesiredconditionandtheprobe
movedintothetestsection,themanometerreadingsandtest-section
totaltemperaturewererecorded.Theunheatedorrecoveryresis-ce
ofthewirewasmeasurednext. Then,fiveor sixhot-wireresistances
wereset-andthevoltageacrossthetirewasrecordedat eachsetting.
About5 minuteswererequiredforalltheseheat-lossmeasuramnts.
Finally,therecoveryresistanceandmanometer-tanperaturereadings
wererecordedagainto completetheprocedure.

Themeasuredwirerecoveryresistancewasusedas a cheekofthe
tiretemperature-resistancecalibration.At no timeduringthereported
runsdidthemeasured$2edifferfrmthat predictedbyfigure6(b],
northecalculatedTe bymorethan1 percentandontheaveragewithin
0.5percent;Te wascalculatedfromthemeasuredairtotaltemperature
ina mannerdiscussedinthenextsection.

DIMENSIONLESSGROUTSOFCORKEL4TION

~ thissection,thedimensionlessgroupsusedin correlatingthe
dataarerelatedto thephysicalmeasurements.An ener&ybalsncecon-
sideringconvection,conduction,andradiationfora hottirein steady
operationis

QP=QC+%+QR

Theheatinputperunitthe is simply

(4)

(5)

Theconvectiveheat-lossratedefinestheheat-transfercoefficienth:

Qc= hfiDwZ(Tw- Te) (6)

Equation(6)hasequi~briumorrecoverytemperatureTe ofan insulated
tireinthetemperaturedifference(Tw- Te). Therefore,asthewire
temperatureapproachesitsrecove~value,theconvectiveheat-transfer
rategoestozero.E@ure 8 (frcmref.10)is theequilibriumtempera-
ture=tio usedtoobtainTe fromthemeasuredairtotaltemperature.
Itiswellestablishedthat,forfiudsennumberslessthan0.10,the
equilibriumtemperatureratiofornomml wiresinbothslipandcontinuum
flowLsa functiononlyofhkchnumber(refs.10and13to16).

Theconductionlossratetothesupportingprongs~ isdiscussed
in detailinappendixB. Theradiationrate ~ wasCalc.ulatedtobe
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lessthan0.1percentofthepowerinput
ationwasmade. However,sincetheheat
able,szl“end-loss”correctionwas”made.

TheNusseltnumberisdefinedas

hD
Nu=&

QP) andno correction for radi-
10SStothesuyportswasappreci- -6

(7)

Theairthermalconductivityk hasbeenevaluatedatvarioustempera-
turesby previousinvestigators.Someuse@atic,othersequilibria
orrecovery,ortotaltemperature;frequentlyinengineeringworkan
arithmeticaverage“film”temperatureisused(ref.11). Theguiding
principleforempiricaldatafittingis,ofcourse,toobtainthebest
correlation.TheDISCUSSIONsectionshowsthatthenonlineartempera-
tureeffectonheat-transfercoefficientofbothairandwiretempera-
tureistoocomplicatedintheslip-flowregionforanyofthesechoices
toeliminateeither“Machnumber”ortemperatureeffects.Therefore,
forconvenience,theairconductivityhasbeenevaluatedat totalair
temperature(kt).Sincethetunnelwasoperatedat setvaluesoftotal
temperature,thischoiceintroducesnoMachnumbervairationintothe
Nusseltnumbercorrelationat constant&udsennumber:

TheNusseltnumbercsnbe expressedintermsofheatlossusing
equation(6):

N% = %
fiZkt(Tw- Te)

(7a)

(8)

Theconvectiveheatloss ~ isthedifferencebetweenthemeasured
powerinputQp anda calculatedcorrectionfor ~. A convenientway
tomakethiscorrectionis todefinean uncorrectedNusseltnumberNu#,
whichiscompletelydeterminedfrcmmeasuredquantities:

(9)

Twopublishedend-losscorrectionprocedmeswereused,as discussedin
appendixB; eachgavea correctionfactor$, definedas

m

E

--

k

—

m
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Therefore,

11

thetabulatedNusseltnumberswereobtainedfran

T4ewiretemperaturewas
temperaturecalibration:

obtainedfrommeasured

(XL)

Qw andtheresistance-

S2w= ‘0[1+ G(TW- 32)+ 13(Tw- 32)2] (w

Theequilibriumwiretenrperaturewascalculatedfrm figure8 andthe
measuredtotalairtemperature.Theairconductivity~ was*en
fromreference18. Allcalculationswereperformedwithan IBM653
digitalcomputer.

TheReynoldsnuniberRet forthewirewasdefinedby thefree-stream
(orstatic)densityandvelocity;theairviscositywasevaluatedat
totalairtemperature(ref.18):

(13)

The~udsennuniberwascalculatedfromfree-streamdensityandthe
wiredismeterusingtheformulasuggestedby’reference14:

1.5870x10-8
‘=*= p%

(14)

Theconstant1.5870x10-8hastheunitspouuds(mass)xsquarefeet. Equa-
tion(14)assumesthatthemeanfreepathfor-tir‘1
mentarykinetictheoryandthat pk isa constant.

The~ch numberwascalculatedfrcmthevel~ity
sonicorificeandstatictemperature:

M= u
49.02fl

Themeasuredtotal-static
(T= 1.40)forhigh-range

pressureswereusedin the

‘isgivenby e~e-

measuredwitha

(15)

isentropicrelations—
massflowstofindl@chnumber.

Finally,thedimensionlessturbulentintensityv‘N isknownto
affecttheheattransferfromnoz?mlcylinders.However,theexcellent
workofreference19hasshownthatintensitiesashighas 20percent
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havenegligibleeffectonheattransferfromfiGewiresM thescaleof
turbulenceis largecomparedwithcylinderdiameter.Theintensityof w
turbulencevariedin thetestsectionbutwasalwayslessthan1 percent.
Thescalewaslargecomparedwith ~. Therefore,turbulencewasnota
factorin thesetests.

REsum?s —

Twenty-threeplotsusingall1100datapointsarepresentedinthis
u-i

section.Thesefiguresareintendedto sh& the-generalconsistencyand E-
thescopeofthedata.Inthefollowingsection,theseplotsareused =
topointoutsme ofthecmnplicatedeffectsobsenedin SMP flow.Fig-
ure9 showstheNusseltnumbervariation~th Machnumberforspecified
valuesofKnudsennumberandwireandairtemperatures.Figure9(a)
givesresultsforincreasingwiretemperaturesata totalairtemperature
of0°F. Similarly,figures9(b),(c),and(d)areforairtemperatures .

of80°,180°,and280°F, respectively.

Withtheexceptionofthelowestwiretempemtureat eachairtem-
.

perature,thegeneralconsistencyofthedataisgood.Therearetwo
experimentalchecksthatcanbe usedas a guidetodatareliability.

“--
ThefirsthasalreadybeendiscussedintheProceduresection;thatis,
therecoveryresistanceofthetireata givenairtemperatureandMach
numbercanbe checkedagainstthemeasured.airtemperatureandthe
resistance-temperaturecalibration.Thefactthatthesemeasurements
usuallycheckedpredictedvalueswithin0.5percentisevidencethatthe
criticalQ -T calibrationdidnotvaryduringthecourseofthe.~erl-
ment. Anothercheckforconsistencyisreproducibility.To demonstrate
thisfeature,thechronologicalrumnumbersareshowntiththedatapoints
infigure9(b)for Tw of583.8°F. Thefactthattheagreementbetween
checkpointsisgoodisevidencethattheheat-trsmfercharacteristics
ofthewirewereunaffectedby dirtaccumulation,oxidation,orother
uncontrollablefactorsduringtheexperiment.

Thedata scatter at the lowest wire temperaturefor eachairtemper-
ature is reasonable,becausein equation(11)itisclearthatconstant
percentageerrorsin Tw or Te aremagnifiedwhenthedifference
(Tw- Te)iS small.However,thescatterat ~ = 0.0770sndalsoat
M >0.50 iSpUZZlillgaNo satisfactoryexplanationforthisscatterhas
beenfound.ThehighKhudsennumbersuggeststhatthepoorcorrelation
maybe associatedwiththerarefiedgasflow. Forexsmple,reference
20calculateda “correction”forthetemperature-@mpphenomenonofslip
flow● Acceptedsliptheory(ref.21)wasusedtocalculatethetempera-
turejump.Then,by redefiningtheheat-transfercoefficientin terms
ofthedifferencebetwe~jumptemperatureandrecoverytemperature,a
Nusseltnumber“correction”thatdependsonly~udsennumberwasobtained.

6



Thejumpphenomenondoesnotaccountforthedatascatterobservedhere
at lowwiretemperatures,becausethetemperaturej~ isassumedpro-
portionalto (~ - Te),goingto zeroas AT vanishes.Furthermore,
thecorrectionprocedurehasdubiousvaluewhentheslip-flowregionis
approachedfrcmfree-moleculeflowpredictions,becausetheprocedure
attemptstoforcedatatakeninslipflowtofittheformofcontinwm-
flowobservations.Inthissense,thecorrectiononlyconfusesthe
over-allcorrelationandpostponestheinevitabledeviationfrancon-
tinuumReynoldsnuder correlations.

DISCUSSION

Inthissection saneofthenon-Reynolds-numbereffectsetidentin
figure9 arediscussed.Then,thedependenceofthelfusseltnumberon
bothwireandairtemperatureisconsidered.Thesecomplicatedeffects
fortunatelyarerelativelysmallcmparedwiththedependenceofNusselt
numberontheaerodynamicenvironment.Therefore,thefewgeneraliza-
tionsthatcanbe inferredfrmnthedaticoncerningthesesecond-order
temperatureeffectsarediscussedfirst.Then,a graphicalNusselt
numbercorrelationasa functionofReynoldsandKhudsen(o:Mach)
numbersispresentedfortheslip-flowda~ ofthisresearch.An at-
temptedgeneralNusseltnumbercorrelationforcontinmnn,slip,and
free-moleculeflowsfollows,basedonthesemd earlierdatatogether
withfree-moleculeflowtheory.Finally,a fluctuationsensitivity
equationforhot-wireanemometersispresentedthatappliestofine
wiresin subsonicslipflow.

PreliminaryDiscussionofResults

Thefollowingdiscussionoffigure9 attemptstopointoutthede-
viationsfromsimple@ dependenceofcontinuumflowthatareetident
in theseslip-flowdata.Iaterin thissection,theheat-transferchar-
acteristicsofcylindersin continuum,slip,andfree-moleculeflowsare
considered.Thediscussionis limitedtoairat constsattemperature
wheretiscosityis constit. IftheNusseltnumberwerea functiononly
of @, linesof constantp% ona logarithmicplotof Nu against
U wouldforma familyofparallelstraightlineswitha cmmnonslopeof
0.50. Theargumentchangeslittleifa fsmilyofconstantJhudsennumber
linesona log-logplotofNusseltnumberagainstMachnumberis con-
sidered.Twoimportantdeviationsfromthisbehaviorshouldbe noted
illfigure9. TheconstantKWdsennumberlinesarelinearonlyforMach
nmberslessthan0.4. Thedecreasein slopeandcurvaturethatoccurs
aroundM = 0.4 ismostpronouncedat high~udsennumberwherethe
sensitivityofheat-transfercoefficienttochangesinMachnuniberal-
mostdisappears.Secondly,eventhestraightportionsof these
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curvesexhibitslopesotherthan.0.50,Forexample,the
N~)/(AlogM)infigure9(b)for Tw= 583.8°Ffrom *

M= 0.05to 0.4 increasewithincreasingW from0.25to0.35.

‘l?herefare,itis clearthatno simplepowerdependenceof N%
againstRet shouldbe expectedtoapplytothesedataoveranyappreci-
ablersugeofvariables.Furthermore,thewireandairtemperaturescan
be expectedtohaveonlysecondaryinfluenceonanycorrelationofthe
data,becausethe
offigure9.

E&i?fectof

characteristicsJustdiscussedappearinall23parts
KP
r

WireTemperatureonHeat-TrsnsferCoefficient

Manycrossplotsarenecessaryin orderto showclearlywhateffect
varyingthewiretemperature has on theheat-transfercoefficientata
givenflowcontition.Figure10(a),whichpresentscrossplotsoffig-
ure9(a),isa plotofNusseltnuniberasa functionof (Tw- Te)with g
Knudsennumberasa parsmeter.Allplotsarefortotalairtemperat&e

—

of0°F, andeachplotisfora particularMachnumber.Similarly,fig-
ures10(b),(c),and(d),whichareforto-%alairtemperaturesof 80°, 4
180°,and280°F,respectively,arecrossplotsoffigures9(b)to (d).

Considei-figure10(b)for Tt= 80°F and M = 0.10. Theinterest-
ingfeatureisthattheNusseltnumiberincreasesforthetwolowest
valuesofKnudsennumberas thewiretemperatureisincreased.For
Kn = 0.0256andO.0416,N% doesnotvaryappreciablywith AT,butat
thetwohighestvaluesof Kn,theheat-transfercoefficientdecreases
as thewiretemperatureincreases.Furthermore,whetherl!?%increases
ordecreases,thedependenceonwiretemperatureis greatestfor AT
lessthan200°F andtendstov&sh for AT greaterthan200°F. This
generalpictureis repeatedforallthesubsonicMachnumbersat
Tt=800 (fig.10(b)).Thetwoanomalouspointsat M = 0.05 are
probablyexperimentalerrors.Thepercentagechangein Nut from
AT = 50°F to theasymptoticvalueat AT > 200°F isroughly20per-

—

centatallMachnumbersforboth Kh = 0.00916and Kn = 0.0770.
Theredoesappeartobe a secondarykhchnumbereffectthatcausesthe
reversalvalueof fi (wherethesignofthetemperaturedependence
changes)toincreaseas M increases.Forexsmple,at M = 0.10,Nut
is insensitiveto AT at ~ = 0.0256snd0.0416jbutat M = 0.60 N%
isrelativelyinsensitiveto AT athigherICavalues(0.0416and
0.0555).

Therefore,fromfigure10(b),thewiretemperatureappearstoaffect m
theheattransferina mannerprimarilydependenton I@ andtoa lesser
extenton M, overtherangeofthisexperiment. *
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Figures10(a),(c),and(d)essentiallyconfirmwhatwas
at Tt= 8@ F infigurelo(b).Thetempemtureclifference

15

observed
(q - T,)

againappearstocorrelatethedataintofsmiliesofcurve”sshilarto
figure10(b). Itis importanttonotethatbetweenAT = 50° amd
200°F atallairtemperaturesthemaximumwire-temperatureloading
effectisevident,andat AT >200°F, N% approachesanasymptote.

Hada nondimensionaltemperatureratiolike z
(= ‘w~5) beenmed)

thisregilarfeaturewouldnothavebeenobserved.Infigures1O(C)
and(d),theincreasedairtemperaturetendstodecreasethevalueof
the~udsennuniberwherethesi~ ofthewire-temperatureloatigeffect
reverses.Thatis,the ~ = 0.0416and0.0555linesofbothfigures
1O(C) and(d)show l?% increasingwithincreasingAT,whileat
Tt= 80°F thesedatawereeitherunaffectedordecreasedas AT in-
creased.TMs sameeffectofairtemperatureonthewire-temperature
loadingmayalsobe seenin figure10(a)for Tt= 0°F. Disregarding

. forthemomentthe ~ = 0.00916and0.0143linesinfigure10(a),it
isap~rentthattheinsensitivityto AT at M = 0.40to0.80persists

b at lowervaluesof ~ infigure10(a)thaninfigure10(b). No cx@a-
nationfortheapparentlyanomolousbehaviorofthe Kn = 0.03916and
0.0143curvesin figure10(a)hasbeendiscovered.

However,thoughtheairtemperaturesea tohavea secondaryrole
inthewire-temperatureloadingphenomenon,it shouldnotconfusethe
primaryobservation.Thatis,for h < 0.02,theheat-transferco-
efficientincreaseswithincreasingAT upto AT = 200°F, whereit
assumesanasymptoticvalue.Ontheotherhand,for Ih> 0.02,the
heat-transfercoefficientis unaffectedor decreaseswithincreasing
AT to AT = 200°F, whereitagainassumesan asymptoticvalue.The
Machnumberhasa secondaryroleinthistire-temperatureloadingeffect,
generallycausingthereversalfiudsennmnbertoassmnehighervalues
(=.02)as theMachnumberincreasesin thesubsonicrange.

Thetrendsreportedherehavebeennotedby previousinvestigators.
Theworkofreference16wasmentionedin theINTRODUCTION.Thenon-
linearoverheatcoefficient~ definedby equation(3)isgivenas a
functionofReynoldsandMachnumberby figure8 ofreference16. For
convenience,thisfigureis includedhereinas figure1.1,andlinesaf
constant~ aresuperimposed.Now,it is clearfromfigure10 that
theheat-traasfercoefficient-observedin thisresearchisnota linear .-

functionof AT (orrelatedaw or z).
. .

However,thesi~ oftheover-
heatcoefficient~ anditsdependenceon fi and M istheimportant
featured figureH. tigeneral,in subsonicflowforlow fi,figure
l.1predictsan increasein N% with AT;a reversalof signoccurs
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betweenh = 0.015and0.020;whilefor Kh greaterthantheselatter
values,& predictsN% willdecreasewithincreasingAT. Further- *

more,theMachnumberhasa secondaryrole-causingthereversalvalueof
Kh toincrease.Withtheexception of the asymptoticbehavior at large
AT obsenedin thisresearch,theworkofreference16generallysub;
stantiatestheresultsreportedhere. Sincesimilareffectswerenoted
inreference14,therecsmbe no doubtthatthesecomplicatedwire-
temperatureeffectsarereal,eventhoughof second-ordermagnitude.
AppendixB discussesthesolecorrectiontotheprimarydata(conduction ~
loss)at somelengthtoemphasizethefactthatthewire-temperature
loadingeffectcannotbe tracedto improperhandlingoftheprimary
data.

EffectofAirTemperatureonHeat-TransferCoefficient

Inordertoisolatetheeffectofairtemperatureontheheat-
trsnsfercoefficient,itis ofcoursenecessarytoeliminatethein-
fluenceoftire-temperatureloading.A logicalwaytoaccomplishthis 9
distinctionwouldbe toextrapolatetheNusseltnumbercurvesoffigqre
10to AT= O. However,thisis theregi~ ofmaximumcurvature,and
extrapolationtozerooverheatwouldbeveryuncertain.Theasymptotic a
valueof N% for AT z 200°1’ isa moredirectNut valuethatis

--

independentofwire-temperatureloading.Therefore,plotsoftheasymp-
toticN% (AT>2000 J?)arepresentedin$igure12asa functionof
totalairtemperatureatvariousMachnumbers.Overtheentirerangeof

—

thisexperiment,the Nut decreaseswithincreasingairtemperature.
Theugnitudeofthisgenemltrendinfigure12appearsto dependpri-
mrily on the value of the I’iusseltnumber,being the order of 5 to 10
percentper100°F for N% between3.0and4.0butdecreasingto 1 to
2 percentper100°1?near Nut= 1.0. No cleardependenceoftheair-
temperatureloadingof N%

—
oneitherMachorKimdsennumberisdis-

cernibleinthisexperimentalrange. —

W figure12,theNusseltnumberdecreaseswithincreasingtempera-
ture,butitisnotclearwhatdependence_@eheat-transfercoefficient
h hasonairtemperature.Figure13,whichclarifiesthis~oint,isa
copyoffigure12(b)for M = 0.50 withlinesofconstantheat-transfer
coefficientsuperimposed.Iftheheat-transfercoefficientwereconstant
andequaltothevalueobsemedin80°F air,then Nut wouldvarywith
airtemperatureas shownby thedashedlinesinfigure13. Thatis,the
variationinairthermalconductivityk,w~ch causesthe Tt dashed-
linedependence,is counterbalancedbyan increaseinheat-transferco-
efficienth as theairtemperatureisincreased.However,sinceh .
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isnotas temperature-dependentas k in thisexperimentalrsmge,the
* resultisa netdecreasein Nut withrisingTt.

Reference6 reportsgoodagreementof datatakenat
1540°< Tt <3000°F withtheroom-temperaturecorrelationofrefer-
ence13. Thus,intherangeofthiswork(450c Re< 3000,
0.3<M ~ 0.8),airtemperaturehadlittleeffectontheNusseltnumber,
thoughthereisa possibilitythatthehigh-temperaturecorrelationis
slightlylowerthantheroom-temperatureresults.Therefore,itappears
wellestablishedthatincreasingairtemperatecausesen increasein
heat-transfercoefficientforallsubsonicconditionswhereRe> 1.0.

ThePrandtlnumbercpw/kvariesframabout0.72at 0°F to 0.68
at 280°F (ref.18). Severalcorrelationsof Nut with Pr wereat-
temptedin ordertoeliminatetheair-temperatureeffectshowninfigure
13● However,noneM thesewassuccessful,althoughplotsof Nut/Pr~

m or Nu@c~ didgenerallyreducetheair-temperaturedependence.The
o%u air-temperaturerangeofthisresearchistoosmallforanyvalidcon-

clusionsconcerningPrandtlnumbercorrelationstobe inferred.
w

CorrelationofSlip-FlowHeat-TransferData

Theheat-transfercharacteristicsofcylindersin slipflowareco-
mplicatedby second-orderdependenceonbodyandairtemperature.Never-
theless,a correlationofNusseltnumberwiththeflowparametersis de-
sirableasa firstapproximationinengineeringworkeventhoughit does
notaccountforthetemperaturephenomena.ThePreliminaryDiscussion
ofResultspointedoutwhatdeviationsfrcunsimple@ dependenceare
evidentinthedata,butfigure9 isnota satisfactorysubstitutefor
theconventionalcorrelationof Nu and @. Figure14is anattaptto
finda usefulcorrelatim.It showsthelogarithmicvariationof Nut
with Ret;constantM md fi parametricLLnesareshow solidand
dashed,respectively.Da@ for Tt = 80°F ad Tw= 584 F are
plottedinthisslip-flowcorrelation.

Theincreasingnecessityforanadditionalparameterotherthanthe
Reynoldsnumberto correlatethesee~erimentalheat-transferdatashows
clearlyon thisplotas Re decreases.Thisadditionalparameteris
eithertheMachnumberortheIQmxlsennumber.Thegraphicalcorrelation
(fig.14)makesno distinctionbetweenNu = f(Re,M) or Nu = f(Re,I@,
be&ausebothformsareshown.However,onlyoneadditicmalparameter
(M or Kh)isindependent(eq.(2)).Theremainderofthissectionh
devotedto showingthattheuseofElnzdsennumberas theadditional

. parameterispreferable.Notethatthe fi ties decreasein slopeas

“9
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~ increases.However,theseconstantKilcurvesareapproachingthe
slopeoftheconstantMachnumberlinesat lh = 0.(X)916.Thatis,p% a

isapproachingequivalenceto U asrequiredforstipleRe correla-
tionas & decreases;butthedecreasingslopesofthe h curves
as I@+ 0.0770causea tidedivergenceoftheconstantMachnumberlines “-=
that3smostpronouncedat lowsubsonicM (andlow Re).

Theprecefingdiscussionoffigure14 emphasizesthefactthatthe
failured theReynoldsnumberalonetocorrelatethedata whichhas
beentermeda “Machnumbereffect” ~(e.g.,p. 34ofref.22 andassoci- ~
atedwithcompressibility,is,infact,a rarefied-gasphenomenonand
shouldbe termeda %mdsen numbereffect.”Thisdistinctionis im-
portantandnotjustan
tion(2)maymakeit so
thelargeseparationof
againstRet losesits
predictable.FigurelS
pub~shedin1953(ref.
figure14is excellent,
retiicalanalysis.

arbitrarymatterofviewpoint,eventhoughequa-
appear.Whenviewedasa rarefied-gaseffect,
subsonicMachnumberlJnesona plotof I?%
ancmdousfeaturesandbecomestheoretically
wasMen frm anapprobatesup-flowanalysis
23). Thequalitativeagreementwiththedatain -
consideringtheapproximationsmadeinthetheo-

.

AttemptedGeneralCorrelationforNusseltNumberin

Continuum,Slip,andfree-MoleculeFlows

Figure16combinesthecorrelationoftheslip-flowdataofthis
research(fig.14)withthecmttnuumexperimentalresultsofreference
13andthefree-molecular-flowtheoreticalpredictimsofreferences15
and24. A briefreviewoftheselatterreportsisfol.lowedbya
sionoffigure16as a whole.

Theexperimentalrangeofreference13
transientresponseofthermocouplesinair
werecorrelatedwithin7.4-percentaverage
vationby thefollowingequation:

is showninfigure1.
wasmeasuredjandthe
deviationofa single

discus-

The
results
o13ser-

(16)

where Re~ is a Reynoldsnumberdefinedby free-stresmvelocity,total-
temperatureviscosity,wirediameter,anda densitybasedon static
pre~sureandtotal&perature. In{ermsofthe
by equation(13),the Nusselt numbercorrection

Reynoldsnwnber
ofreference13

defined
is

N% = ()* l/2
0.431Jr —

t .Tt (16a) “

d
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where
b

T
( )

-1
—= 1+*M2Tt

.

Theequationaypliesinrsngeoftheexperiment:250< Re <30,000
sad 0.1<M <0.9. A partialplotof equaticm(16a)is showninfigure
17. Theimportantfeatureis thesmalleffectthatchangingthesub-
sonicMachnuniberhasonheattramsferat constantRemoldsnuniber.
ThisMachnumbereffectincreaseswithincreasingM andispractically
zerobelow M = 0.3. Itis reasonableto expectthata compressibility
phenomenonwouldbehavein thismanner.

An equationforthefree-molecular-flowheattransferfroman infi-
nitecylinderina diatcmicgasstreamwasderivedinreference24.
Evaluatingallairpropertiesat 80°F andassuminganaccommodation
coefficientof0.90,thiseqpationmaybe writtenas

Nut‘0.0297& T 1/2Ku ()q
(17)

where g(s)isa definedfunctionofMachnumberplottedinfigure18.
Equaticm(17}appliestoall ~> 2. Figure19 isa plotofequation
(17)for Kh> 2;italsogivesthepredictionsof sliptheoryfor
m<z. Althoughsevezaloftheessentialfeaturesofthisfree-
moleculeanalysishavebeenconfirmedexperimentally,equation(17]has
notbeentestedoveran appreciablerangeofvariables.However,free-
molecule-analysistheoreticalpredictionsaregenerallybelievedre-
liable.Thetwoessentialfeaturesof’figure19for Kn > 2 arethe
first-powerdependenceon Re andthelargeseparationof’subsonic
M lines.

Returningtofigure16,theslip-flowexperimenbldataextrapolate
smoothlyintothecontinuum-flowempiricalcurve.However,theslip-
flowcorrelationat Kn = 0.0770cannotbe extrapolatedto thefree-
molecule-flowcorrelationat Kh = 2. Nevertheless,severalofthe
trendsreqtiredby therarefied-gasaaalysisareevidentin thedata.
Theslip-flowdataconstantM linesincreasein slopeandmaybe
apprmchingfirst-powerRet dependenceat ~ = 0.0770.Furthermore,
theincreasingKu dependencecausesa spreadof theccmstantM lines
at Kh = 0.0770thatismostpronouncedat lowsubsonicM. Beforethe
attiptedcorrelationinfigure16canbe re~ablyextendedbelow
Re = 1.0,itwillbe necessaryto obtainexperimentaldatabetweenI@
of0.10and10.0.U&il thesedataarepublished,thetheoreticalcurves
frcmtheapproximateslip-flowanalysisofreference23betweenh of
0.04and2 shownin figure19maybe usedasa firstapproxhationto-
getherwiththefree-molecule-flowpredictionfor h> 2.
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Finally,thesuggestedcurveofreferencel.1is showninfigure16
foreasycomparison.ThelowReynoldsnumbe~datausedto obtainthis

w

curvewereforverylowvelocities(W < 0.01).Furthermore,theat-
temptedgeneralcorrelationsndthereferencel-lcorrelationarenot
comparable,strictlyspealdmg,becausetotalairtemperaturewasused
forcalculatingconductivityandviscosityintheproposedcorrelation,
whileanaverage“fib”temperaturewasusedinreference11.

Hot-Wire-AnemometerSensitivity

Oneapplicatimoftheheat-transfercorrelationspresentedinthe
precedingsectionisforhot-wire-anemometersensitivity.Kingfsequa-
tion(1)sensitivityforwire Re ~ 250 isa crudeapproxi~tionbe-
causetheKnudsennumbereffectcomplicates.we Reynoldsnunibercorrela-
tion. Inthefollotingparagraphs,a se~sitivityequationbasedon
dimensionlessgroupcorrelationsisproposed.However,as inthepast,
theonlyreliablehot-tiresensitivi~isa directcalibrationofthe
particularwireovertheflowrangeofoperation.Thesensitivityequa- .

Cn

E

tionservesasa guide

TheNusseltnumber
ina generalmanneras

Thedependenceon AT

toperformingthiscalibration.

correlationgiveninfigure14maybe expressed *

N% = f(M,K@T,Tt) (18)

and Tt causesupto 20-percentdeviationsfrcm
figure 14ina complicatedmanner.Thefollowingderivationassumes
thattheanemometerwireoperatesat consteirttemperature(e.g.,see
ref.9). Thiseliminatesthefunctionaldependenceof N% on AT.
ItisconvenienttoexpresstheremainingTt dependenceinequation
(18)witha dimensionlesstemperatureratioz:

(19)

Therecoverytemperatureratio v (fig.8)willbe assumeda function
onlyofMachnumber;thisistruefor W c 0.10.

Thegeneralsensitivityfora constant-tempemtureanemometertire
tofluctuatingflowvelocity,density,andtotaltemperaturemaybe - “-‘“
written as

[
21RWti= & $ 2~N~(Tw - %! du+ $[; 2%%% -
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Recallingthatit isassumedthatthewiretemperatureismaintained
constantbya fluctuatingfeedbackcurrent,denotedby i (=dI),then
equation(20)becomes

21

‘Z&&+%&- )73 X&J$yy

(21)

ofequation(21),whichrelatestheAppendixC givesthederivation
fluctuatingcurrenti ofa constant-temperatureanemmetertiretothe
fluctuatingflowvariablesvelocityfluctuation51J,densityfluctua-
tion 5P,andtotal-air-temperaturefluctuation5T. Theaveragewire
currentI referstoan infinitelylongwireif thesensitivityslopes
aretakenfrom N% ratherthan N% plots.Thesecond-orderdepend-
enceofthegeneralcorrelation(fig.14)onairandwiretemperatures
complicatesgeneralizationsconcerningthemajorsensitivityslopes:

m> m> “d %5 However,sinceovera smallrangeof

variableseachof thelogarithmicslopesis linearandapproximately
independentofthemagnitudeof theindependentvariable,itispossible
tomaketwolimitedgeneralizations.Ilgure20@ves themeasuredslopes
fromfigure9(b)for Tw of583.8°F anditscrossplot;thesetermsare
applicableat Tt = 80°F and AT > 200°F.

Theutilltyofequation(21)is lititedby thelackofa precise
miversalcorrelation.However,if theturbulentvelocityintensityis
thequantityofinterestinairflowsof M <0.4,equation(21]simpll-
fiesconsiderably.Underthesecircumstances,densityfluctuationsare
frequentlynegligible;and,unlessheatisaddedtoor takenfromthe
airstream,thetotal-air-temperaturefluctuationsarealsonegligible.
Thepredominanttermin thevelocitysensitivityis (alogNu)/(~logM),
andthistermisas easilyobtainedexperimentallyas theusuallClng’s
equationcalibrationcurve,perhapsrequiringonlya largerrangeof
velocityvariation.

Finally,it shouldbepointedoutthatreference22presentssensi-
tivityequationssimilarto equation(21)forconstant-currentanemometry,
~th specialemphasison supersmic-flowapplications.h subsonicand
transonicapplications,equation(21)hastheadvaakgethattheReynolds
numberwasnotchosenasan independentvariable(M and m, ratherthan
M and Re). TheuseofReynoldsnumiberintroducesadditionaltermsin
thevelocitysensitivity.
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CONCLUDING

Thefollowtngconclusionscambe
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z-

V
drawnfromtheheat-transfermeas-

urementsforcylindersin slipflowpresentedinthisreport:

1.An attemptedNusseltnumbercorrelationforheattransferfrcm
normalcylindersin subsoniccontinuum,slip,andfree-moleculeair-
flowsisgivenasfigure16. Slip-flowexperimentaldataofthispaper
extrapolateintoexistingcontinuum-flowexperimentaldataforlow
valuesofKiludsennumber(Kh<0.01). Thesl.i~-flowdataqualitatively
verifytrendsyredictedby free-molecule-flowtheory(lb> 2)atKh
approaching0.10;butextrapolationdoesnotgivequantitativeagree-
ment. Furtherexperimentsin thetransitimregionbetweenslipand
free-moleculeflowsarenecessarytocompletethegeneralcorrelation.

2. EmpiricalequationsthatgivetheNusseltnumberasa constant
powerofReynoldsnumber,familiarin continuumflow,areprogressively
inerrorfor Re < 250 becauseofincrea~ing& dependenceinthe
slip-flowregion.ThecorrelationofNusseltnumberforthisslip-flow
experimentis showngraphicallyinfigure~14asa functionofReynolds
andKhudsenorMachnumbers.Thisdepeni&ceistoocomplicatedforan
empiricalequationwithengineeringutility,althoughsimpleequations
havepreviouslybeenproposedinbothcontinutiandfree-moleculeflows..-

—

.
.

3.Theapproximateslip-flowaalysisofreference23correctlypre-
dictsthetrendsobservedbutfailstofitthedataquantitatively.

4.Forairtemperaturesbetween80°and280°F, theheat-transfer
coefficienth increaseswithincreasingtemperaturedifferenceAT
at low Kn (cO.02).Thisnonlinearityin h with AT hascomnonly
beenobservedincontinuum-flowexperiments.However,withairtemper-
aturesbetween.OOand280°F, athigh @ (>0.02)theheat-transferco-
efficientdecreaseswithincreasingAT. Inbothcases,theeffectof
AT wasgreatestfor AT below200°F, tendingto disappearat AT
greaterthan200°F. A secondaryMachnumbereffectcausesthereversal
Knudsennumberofabout0.02to shifttolargervaluesas M increases.
Thema~ortrendsarecorroboratedby theworkofreference16.

5.Forwiresoperatedat AT greaterthan200°F, anincreaseof
airtemperaturecausestheheat-transfercoefficienth to increase.
Thisoccursforallflowconditionsofthisresearch.Theincreasein
airthermalconductivitywithtotalairtemperaturetendstocancelthe
variationofNusseltnumberN~(=l@@ withairtemperature.How-
ever,Nut decreasesslightlywithincreasingairtemperaturebecause
thethermalconductivityhasa greatertemperature-dependencethsmthe
heat-transfercoefficientintherangeofthisresearch.

.
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6.Constamt-temperaturehot-wire-anemometersensitivitytovelocity,
density,andtotal-air-temperaturefluctuationsisextremelycomplicated
withtheprobein subsonicsup flow. Generalsensitivityeqmtionsto-
getherwitha fewgeneralizationsobservedinthisresearchhavebeen
presented.However,individualcalibrationofwiresimtheflowrange
ofinterestistheonlyreliabletechniqueforsubsonicapplicationsbe-
cause(a}~ngfs lawisa veryspecialcaseofhot-wiresensitivity
(Kne O.CKll,M c 0.3),and(b)complicatednonlinearityofheattransfer
tithtireandairtemperaturepreventsaccurategeneralizationsusing
dimensionlessgroups.

LewisFlight PropulsionLaboratory
National Advisory Wmittee for Aeronautics

Cleveland,Ohio,August28,1958
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SYMBOLS

A King’sequationintercept(eq.(1)),A = alk

A’ dimensionlessKing’seqpationintercept(eq.(la)),A’ = +62@

%7 cross-sectionalareaofwire,sqft

a)b dimensionlessempiricalconstants(eq.(1))

~* dimensionlesstermineq.(B24)

as speedofsound

%? resistancemtio, (~ - Qe)/Qe

B King’sequationslope(eq.(1)),B = b2J=

B1,B2 empiricalconstmts(eq.(B16))

B’ dimensionlessKing’sequationslope(eq.(la)),B’ = b/fi~a

B* dimensionlesstermdefinedbyeq.(B18)

c ratioofheatlostby conductionto supportstoheatlosttoair
by convection(eq.(B13))

%?
isobsricspecificheat

Ds supportdismeter, ft or in.

%? tire dimeter, ft or in.

e,G dimensionlesstermsdefinedbyeq.(B20)

% conversionfactortoengineeringunits,(lb(M))(ft)/lb(F)-sec2

h convectiveheat-transfercoefficient(eq.(6))

ho heat-trsmsfercoefficientextrapolatedto AT = O

I wirecurrent,amp

J conversionofBtutoft-lb(F)

.-.
c

-E

.

.
.

—

—



NACATN4369 25

* Nu”
&v F?r

*

.

Q

q.

Re

Ref,s

s

T

AT

Ta

Te

Tt

Tw

% ,W
~*

tw

conversionofwattstoBku/see,

thermalconductivityof Inconel

9.484X1O-4

support,Btu/(sec)(ft)(°F)

thermalconductivityoftungstenwire,Btu/(sec)(ft)(°F) ,

KllUdS=number,A/Dw

thermalconductivityofair,Btu/(see)(ft)(%?]

lengthoftire,ft

Machnumber

Nusseltnumber,~/k

Nusseltnumberuncorrectedforheatlossto supports(eq.(9))

Prandtlnuniber) ~vlk

length-averageheatingrate,Btu/sec

heatingrateperunitlength,Btu/(ft)(sec)

Reynoldsnumber,PD#/P

Re~oldgnumberofSupport,P~S/~2S

dimensionlesstermdefinedbyeq.(325)

staticorfree-streamairtemperature

temperaturedifference,Tw - Te

airtemperature

recoveryorequilibriumwiretemperature

totalairtemperature

length-averagewiretemperature

length-averagetemperatureofinfinitelylongwire,~ s G1/a/m
tiensionlessratio(eq.(B18))

localwiretemperatureat anypoint x



free-streamairvelocity,ft/sec .-

rmsturbulentvelocity,ft/sec

anypositionalong

dimensionlessterm

factorinend-loss

lengthofwire,x = O

definedbyeq.(B18)

correctionprocedure,

NACATN 4369
.

atwirecenter

definedbyeq.(B19)

first-ordercoefficientofelectricalresistance- temperature
relation(eq.(12]),‘F-l

second-ordercoefficientofelectricalresistance- temperature
relation(eq.(12)),‘F-2

ratioofspecificheats,1.4forair

perturbationcomponent

recoverytemperatureratio,~ ~ TeE%

meanfreeEth ofair,ft

airviscosity,lb(M)/(ft](sec)

nonlinearoverheatcoefficient(eq.(3))

airdensity,lb(M)/cuft

coefficientdefinedin eq.(B7)

coefficientdefinedin eq.(B8)

temperatureratio,ccS(TW- Te)/~

end-losscorrectionratio,~ ~Nu/Nu’:

.—
.

length-average

length-average
ohms

length-average

length-average

wire

wire

wire

tire

wirereststsnceper

resistanceat

resistanceat

resistanceat

resisticeat

airtempemtureTa,ohms

recoveryairtemperatureTe,

hot-tiretemperatureTw,ohms

32°F, Ohms
k

tit length,elms/ft

.
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. Subscripts:

c convection

f filmtemperature,Tf- (T.+ Te)/2

K conduction

m measured

P production

R radiation

s support(exceptas)

~ t totalairtemperature Tt
$
a w tire or cylinder
Au o evaluatedat 32°F (except~)

27
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CORRECTIONSFORCONQUCTI~TOSUPPORTS...... ...

LinearCorrection

Thesteady-stateheattransferfrcma hot@re hE@~ negligible
radiantheatlossis treatedby Luyellinreference10,whereeq&tions
formakingprecisecorrectionsforfinite@re lengtharepresented!
Exceptfora minorifiovation,the~ollowing”&&ly&isi~thatofrefer-
ence10.

Theener~-balanceequationat MY cress:~ctionx forthisprob-
lemis simply

Theconvectionheatlossperunitlengthofwireat x canbe expressed---AL--4.. —-.,.. ..
as

(B2)

Theexpressionforconductionofheatto me supportscanbe siq=fied
ifit isassumed~~t theheatflowt@ro@ the&re isone-dimefisiofil
andthatthewirether&lconductivity~ isnotaffectedby”ttierature:

-KA
dz~

qK. ~w-

C&z

(B3)

Neglectingthesecond-ordgr~rm ~(~ - 32]2,theresistance per
unit length of wire canbe written in termsM the local wiretempera-
ture:

where~ istheresistancepw qqitk~th in ohmsperinchat 32°F.
Substituti~equations(B2)to (B4)into(Bl),

dztwJ’12u)@+ a(~ - 32)J= n~N~(~ - Te)- l$& ~ (B5)

—

E.—

.
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Equation(B5). canbe mittenmoresimplyas

d2tw- at
= -a~ w 1

wheretheconstantsaredefinedasfollows:

lck$i~- J’12UOU
G ~

(B6)

(B7)

()d@?utTe+ J’I&a~ - 32

‘1= %%”
(B8)

Thelengthwisevariationof ~li~ oritsequivalenthDw is ignored;
thatis,h isassumedunaffectedly~ or ~.k

Equation(B6)isa second-order,ordinarydifferentialequation
withconstantcoefficiats.Thefollowingboundary.
tofindthetemperaturedistributionalongthewire

(1)Thewireis symmetrical;therefore,at the

(at x = O),thetemperaturegradientmustbe zero:

(2)Thetemperatureat eachsupport,x = @/2,

conditionsareused
length:

centerofthewire
d%

IF x.()
‘s %,s

undeterminedtemperature,butphysicallyitisknownthat-
Te2

wire

%,s>q.
The solution of

k=

= o.

(an asyet

equation(B6)satisfyingtheseconditionsis

%,= - %,= - %,s)
cosh.1/2x

.1/2 (B9)

Themeasuredmeanresistance
temperature(%2 = $20):

Qw = $20[1

S2W isrelatedtothelength-average

(BIQ)

u

.
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Here,Tw isobtainedfromintegrationof

~= T”--*
2

Havingobtainedthewire-temperature

NACATN4369 .

(B9) overthewirelength: .

(Bll)

distribution, the next step is
to writeM energybalanceonthe-entirewire. Thepo&r inputisnow
writtenin termsofequation(B1O),theconvectionlossin termsof (Bll),
andtheconductionlossinternsofthederivativeof (B9)evaluatedat
thepointofattachment(x= 2/2):

J’I&[l +a(Tw - 32)]

At thispoint,it isconvenientto
theheatlostby conductiontothe
airstresmby convection:

(B12) 4

definea quantityC astheratioof -
supportstothatlostdirectlytothe

(B13)

Equation(B12)canbe expressedintermsof C asfollows:

J’1200[l+a(Tw- 32)~= fi#~(Tw - Te)(l+C) (B14)

Theonly unknownin C (other than Nut) is the tanperatureat tie
support Twjs.An energybalanceon the supportis madeto determine
TW,s” Theproblemis analogousto the tire treatmentjust outlined ex-
cept that the heat input is the conductionfrom the wire, the outpu; is
convectionframthe support,andthe elec’tiical powerinput is assumed
zero in the suppots. Solvingthisenergybalancefor ~)s andapproxi-
mating rtanh (01 2 2/2) as 1.0 give the following: —.

2 l/2T2Nu1/2k1/2@/2DsTe+ KwDwcs ~ .
T f,sf,ss
W,s= 1 2 1/2D~+ K#&/2 (B15)

~%%f;SK6> *

.
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u

.

Sincetheob~ectiveoftheforegoinganalysisoftheheattransfer
fromtiesupportwastodetemnineTw,s intermsofknownquantities
(sothatultimatelytheendlossratio C couldbe found),itappears
thattheintroductionof Nuf,s in equation(B15)hassimplyreplaced
oneunknownby another.Fort&ately,theNusseltnumberof thesup~rt
can be adequatelyrepresentedby thefollotingempiricalrelation,be-
causethesupportis largeandin continuumflow:

‘Uf,s= B1 + B2(Ref,s)n (B16)

where

Equation(B16)neglectsthesmallMachnumbereffectobservedat
Re> 250. Followingarevaluesof n, Bl,and B2 fromrefer~mceI-1
(p.260,table10-4):

Equations(B13),(B15),and
(B14);theonlyumhownquantity
Nut. Lowell(ref.10)hasshown
theequationsjustmentionedcan

1

where

(B16)canbe ccnnbinedwithequation
is thecorrectedtireNusseltnumber
thatthecombinationof essentially
be writtenas

c .L-l?(l+c) (B17)
‘B*[(l+C)-l - t*]+Y[(l +C)-l - t*]l/2- 1

(B18)
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Arnoreusableformofequation(B17)
reference10waspublished.Anotherform
uncorrectedNusseltnumberwasdefinedas

Then,by letting

an s,lgebraical~

NACATN4369
.

wasderivedby Lowellafter
ot“theratioofcorrectedto m
follows:

(B19)

e = Y(l- &) 1/2I (B20)
G sB*(l - t*)

simplerexpressionforequation(B19)isobtained:

1—.Gz+e=— 3 (B21)
z -z

Theprocedureusedto calculateNu+ fortableI wasto solve(B21) ●

fortherootof z betweenz = 0.5 and z = 1.0. !l?hissolution3.s
straightforwardoncethephysicalconstantsh both G and e are .
evaluated.Thefollotigvalueswereusedintheelectronicdigital
computordata-reductionprogram:

!hmgstenwire: Z =0.077ini

~ = 2.2ao-4in,

a= 2,24x10-3%-1 =

K& = 3.43x10-2Btu/(see)(ft)(%)

Inconelsupport:Ds = 0.027in;(atTointofattachment)

KS = 2.19x10-3Btu/(see)(ft)(%)

Airproperties:~,s = MtI(ref. M)
%,s “ %

Anothermethodofmakingend-losscorrectionsonhot-wiredatahas
beenwidelyusedby investigatorsat otiei~boratories.Essentially,
itisa limitingcaseofthemoregmeralmethodjustoutlined.
Kov&znayoriginallypublishedthemethod(withoutderivation)inref-
erence7;reference25givesa morecompletepresentation. *

.
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Theproblemis idmticaltothattreatedby Lowell,exceptthat
Kov&sznayusesthemathematicallysimplerboundaryconditionTw,s = Te.
SincetherecoverytaperatureTe isimmediatelyavailable,equations
(B7)and(B12)csmbe solvedwithoutfurtheradofor N%. A further
simplificationcanbe gainedifthereferencetemperatureofthecali-
brationoftiretemperatureandresisticeis t&kenat Te ratherthan
at 32°F as”in theprevioussection.Ifthesesubstitutionsaremadein
equations(B13)and(B14),it canbe shown
is thedesiredsolutionfor ~:

a*

s =

where

(B22)

QW - S2e
%= Qe

.

w-w)

(JDw~ 1/2 -1/2(1.—
z t ‘u+

thatthefollowingequation

(B23)

(B24)

(B25)

Thisprocedurewasalsousedin thedata-reductionpro~am. The
resultsofthisend-losscorrectionagreedwiththoseob-&i~edusing
equation(B21)withina small.fractionof 1 percentof l?% forall
flowconditionsofthisresearch.Therefore,theprobesupportsdid
acteffectivelyas an infinitesink.Thatis,thetire-supportjunction
waseffectivelymaintainedatrecoverytemperature,Te= Tw,s.

NonlinearCorrection

Thelinearcorrectionproceduresjustoutlinedareratherelaborate.
However,themethodsdifferonlyinthemannerusedtotreatthetemper-
atureofthewire-supportjunction.Bothproceduresassumethatthe
tirehasno second-ordertemperaturedependence(~= O),-t tieheat-
transfercoefficientisnotdependentonwiretemperature,andthatthe
wirethez?nalconductivityis constant.Genera-, n~e ofthese
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assumptionsaretrue.So,itis conceivablethattheend-losscorrec-
tionisincorrectandthatthismistakecausesthenonlinearityof Nut
with AT and Tt. An excellentdiscussionofthisproblemispublished
inreference16. Mechanicallyintegratedsolutionsofthenonlinear
equationthatincludes13,~ (eq.(3)),and K = f(tw)arecomparedw
withthe13.nearsolution,anditis concludedthatthelinearsolution
ofKov&znaytiffersby only1/2percentframthenonlinearsolutions
foranyrealisticprobedesign.l%eretore,theprocedureusedto cor-
rectforfinitewirelengthinthisreportIs adequate.

*
—

—

..

b
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DERIVATIONOFHOT-WIRE-ANEMOMETERSENSITIVITYEQUAEITONS

Assumethatthegeneralheat-losscharacteristicsofnormalcylinders
areknownintermsofNusseltmmibercorrectedforconductionlossto
supports.Specifically,theNusseltnmber isa functionoftheMach
andRhudsen(orReynolds)numbers,andtheeffectofairtemperatureat
constantwiretemperatureisassmeddescribedby a singleparameter‘c: ‘

Nut= f(M,Kh,-r) (cl)

_%-Te
.4

‘r
Tt

(C2)
Cl
s
m Thesubscriptt on Nu md k willbe droppedhereandunderstood
$. throughoutappendixC. Therecoverytemperatureratio q willbe

assumedtobe independentof Kn,as infigure8;thisisvalidat
leastto m = 0.10:

.
m

(C3)

Theheatlossfroma tiremaybe writtenas

Equatiau(C4)assumesthat Nu is correctedforfinitetirelen@h so
that 12 isthesquareofthemeasuredwirecurrenttimestheend-loss
correctionfactor,v%. Naturally,ifa calibrationcurvefora par-
ticulartie isbeingused,it ispossibleto set ~ = 1 andcorrelate
dataas Nun.

Itwillbeassumedthatthehot-wireresistance(andtemperature)
ismaintainedconstantby a fluctuatingfeedbackcurrefc:

2J’1~dI=-&[fi2k(Tw- qTt)Nu]dU+ $[fizk(~- qTt)Nu]@+

(C!5)
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Ifthefluctuatingcurrentdl is setequalto i andsmal:finite
flowfluctwtionsareapproxi=tedby 5 toreplacetheder~vatlves,

—.

equation(C5)canbewrittenas
—

M

[

a
() 1

P

i ( $’)=&& NuTt- ~ + *’N”~-% ‘2 ‘(Tw-q’t) *’u
E+-

w

[
xl

+ 2J’1~‘(TW- 1qTt)~ @

[

a’ X2 ?rl 1bNu~Tt
~ (Tw- ~Tt)NU~ - — mu~-+ -w ‘(TW- v%) q

+ 2J’Iq 2J’IQW

(C6)

It will be convdat to introducethe fol.lotig ~nsiofless
groupsto generalize eqwtion (C6)fornumericaleval-wtlonofthe
varioU6sensitivityderivatives:

(C7) -

(C8)

(C!9)

(Clo)aT a ‘c+~a&=qz=-Tt =

Substituting(C7)to (C1O)intoequation(C6)andrecal~ngthat
I fiz

M=l and ~ = ~ ‘(TW- VTt), the follting formmy bewritten:
%

I
[(

T-
)+

lM2~b -.~i=--l+z2 Tw - qTw

+=( )I I@Nu~+
‘-NU~P2

—.
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(’“)by = and‘epkting v xl
titityequa-tion”canbe ti-ttenin
equation(21)ofthetext.

usinga familiaridentity,thesensi-
itsfinalform,whichisgivenas

1.

2.

3.

4.

5.

6.

7.

8.
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1.331
1.X22
1.324
1.321
1.318
1.255
2.603
2“.611
2.618
2.626
L“&3b
EGG

2.951
2.941
2.929
2.918
2.907
2.897

1.706
1.706
1.710
1.712
1.716
1.717
7.696

1.864
1.856
1.846
1.840
1.s32
1.824

m
WF8.5 33.61.0580.7’428420
9.o 86.6 .6763.6603421
9.6163.6.9360.6S58422
10.2383.9.9031.6301423
ao.7483.4.6s97.5961424
11.3563.8.6602,.5615425
8.4 33.62.0021.596348
9,.386.61.7971.424349
10.1183.61.7151.370S=
1o.9383.91.6881.3.24351
11.7463.41.6261.394352
12.5583.41.7001.407353m
72.5132.o 0.92120.6488

183.0.9064.6426 ;
234.5.9062.6471 3
285.1.9CQ6.6450 h

m
,84.9233.11.0650.8019217
.64.5283.21.053 .7974216
.84.0323.91.037 .7936219
.63.6483.41.031 .7970220
.62.95S3.81.031 .8042221
.82.7620.11.032 .8070222
‘99.0133.21.8031.541151

183.61.8981.648152
263.21.6751.545163
323.91..8651.570154
483.41.886I.584 155
583.61.8911.599156

6.5 33.61.2010.8700376
9.6 66.61.165 .6668379
10.7123.61.165 .8644380
11.8583.91.145 .8661361
13.0483.41.135 .8622S82
14.1583.81.130 .8697363

ZEii

Kn

0.0255

0.0442

0.0253

0.0403

0.0575

0.0782

0.0562

0.0142

0.0792

0.0261

0.0438

0.0740

0.0364

3.0736

-

Ret Tt Tw Nu{

2.867 87.5133,21.503
1S3.61.325
283.21.299
383.91.291
4s3.41.287
563.61.2sl

1.862 8s.01s3.21.081
163.81.086
283.21.0+6
383.9l.o.n
463.41.037
583.81.031

2.782196.6233.11.281
2.770195.52s3.21.244
2.7791.24.4363.91.236
2.767193.2485.41.235
2.795162.15s3.81.237
2.804191.062Q.11.235
1.711265.5333.20.964{
1.716264.2383.9.964!
1.721262.9463.4.992:
1.726261.7583.6.994!
1.752260.4620.0.9961
1.202274.3333.20.2.62
1.206272.9383.9.666”
1.206271.6463.4.868(
1.213270.1563.8.667(
1.216269.2620.0.86W
0.8618263.1333.20.747!
.s85522.1.3363.9 .755[
.8893279.5483.4.76CK
.0931277.6523.6.758!
.8969275.6620.0.755”
1.234187.2.233.10.8S4[
1.233187.6283.2.911:
1.232186,0363.9.911(
1.“231
1.229

166.3
186.75S3.6

463.4.9031
.696’

1.226189.0620.1.696:
5.159162.7233.11.696
5.166182.1263.21.361
5.176161.s 3s3.93..567
5.1851S0.6483.41.565
5.193160.2583.81.569
5.202179.6620.11.576
0.9231189.1253.10.663!
.6246188.0263.2.839{
.9268187.13S3.6 .s09’
.6267166.2463.4.203?
.9305165.3563a .79E
.9324.164.462Q.1.786:
3.665 13.3S3.61.804
3.6S0 13.7 66.61.539
3.654 14.1163.61.466
3.649 14.5363.91.442
3.64S 14.9463.41.431
3.637 15.3563.61.427
2.873 66.0133.21.239

163.61.246
263.21.221
3s3.91,203
463.41.184
563.61.172

2.029 -0.3 33.61.171
2.006 2.5 86.61.157
1.604 5.3163.61,028
1.963 8.23s3.91.050
1.94? 11.0463.41.025
1.921 13.65S3.61.032
3.676 10.63S.61.882

66.61.535
163.61.429
383.S1.373
483.41.356
563.61.339”

2.026 3.7 33.61.231
2.021 4.4 88.61.149
2.016 5.0L%3.61.096
2.010 s.?383-91.050
2.006 6.3483.41.034
2.001 7.0523.81.018

Nut IRun

+

0.9631U3
1.022134
1.013135
1.01.9U6
1.023137
1.02slm
0.7628102
.6050110
.7694LU
.?947112
.7891113
.78631.14

T0.9961223.9717224
.9768225
.6650226
.996?227
.9974228
0.7457286
.7514289
.7671290
.7769291
.7630222

+

0.5332276
.5431279
.6562280
.5608281
.6595262
0.8398193
.6692194
.6769195
.6769196
.6815197
.6614198

T1.2662351.260236
1.281257
1.291238
1.305239
1.315240

T0.6211166.6031170
.5867171
.=46172
.5s20173
.57s3174
1.417354
1.189355
l.lu 356
1.146557
1.144356
1.146359
0.9354127
;.9:;$2J

.9356130

.9272131

.9224132
0.8423336
.8404337
.8026336
.7746336
.7523340
.7566341
1.466372
1.185373
1.106374
1.0s0375
1.073376
1.062377
0.6964414
.6334415
.6004416
.7736417
.7s92416
.7321416

<
.

—

e

.
Runnumberswere“as81gnedinadvanoepianninaoftheearnent ioaorre~y.ndtoRaiticulmrconditions.
Therefore,dataaremissingincaseswhmreexperimentalproblemsmm.leitimpossibletofollcwthie.plmn.

—
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TASL8I.- Continued.RESOLTSOFSTODYOFSEATTMNSFEL3ROKCYLIMDH6SINSOESONICSLIPFLOW

H

.0997

.10W

.1008

,1009

,1010

1o12

1019

1.0259

.0549

.0256

.0407

.0569

.0255

.0584

.0250

.00817

.0749

.04U

.0235

,07.s6

5.X
5.2(
5.2
5.2
5.Z
2.6:

5.64
5.a
5.a
5.7!
5.7!
5.7!
3.3!
5.4(
S.c
3A
5.C
3.44
2.7(
2.6f
2.6.
2.8(
2.6A
2.&
G

2.44
2.44
2.44
2.44
2.44
5.56

%
5.6:
5.6:
5.6C
L5.92

-CR

z
3.36
3.S6
3.36
3.36—
5.76

G

ETt % W
277.5353.21,279
276-73S3.91.351
27S.0483.41.591
275.3563.81AM
274.56X.O 1.407
72.5L35.21.207

183.61.160
263.21.152
3s3.9l.in
483.41.11s
563.81.098

13.853.62.06.6
13.986.61.7m
14.0183.61.684
14.1383.91.645
14.2483.41.634
14.2563.61.621! !

#

1s8.5233.11.222
187.5283.21.242
188.55S5.91.234
1S5.6483.41.227
164.6583.61.221
1S3.862U.11.216
-4.033.61.232
-2.586.61.275
-1.01s3.81.224
.4385.91.193
1.9483.41.174
3.3583.61.15s

E.99.5133.21.5531S3.61.548
283.21.359
583.91.Si6
463.41.5!3J
583..21.549

256.s 333.20.9797
259.538S.91.016
259.14s3.41.022
258.76S3..61.021
-.3 620.01.020-u-18’6.1-.1 1.534
187.1263.21.523
166.0363.91.525
L85.O4s3.41.51.3
163-9583.61.5.Ll
162.6620.11.!E4J7
90.0153.21.996

1s5.62.194
283.22.278
383.92.310
465.42.329
565..22.5.57

~

79.5132.o1.127
163.01.064
234.31.OW
265.11.023
332.61.016
3s6.5.9997
437.3.9686
488.0.9762
=8.5 .9671
580.2.9565
640.4.9625

269.4333.21.076
2s9.5383.91.133
?89.64S3.41.163
270.0523.81.169
270.182Q.O1.172

It
87.0133.21.592

16S.61.825
26s.21.590
383.91.366
483.41.556
583.81.543

=.0 133.21.U2
183.61.057
233.?.1.038
285.21.023~
333.21.010
3s5.9.9956
433.0.9823

.9722
=:: .9625
583.6.948J3

TNu~RunH
1.014314.102(1.0ss3151.1353161.1563171.16231s
0.604291.E6E192.676493.8ss994.1024.657995.646S96

II1.638 366
1.409 3.67
1.342 368
1.536
1.336 :%
1.332 3n
0.9436Sll
.8626212
.9744213—
.97s42140.1028
.9s11213
.9787216
0.S256390
.9442391—
.91593920.1032
.8081393
.8953394
.8793395
1.220 322—
1.226 5230-1039
1.253 324
1.284 525
1.269 526
1.278.527
0.7410273
.7797274
.7942275
.s013276
.2024277
1.229 229
1.252 w
L.241 231o.l~s
1.243 232
1.251 233
L.250 2s4
1.s261035
1.6211066
L.92U10670.l~4
L.9681066
2.0001069
2.0201070
).632a 13
.7638 14~
.7776 150
.7585 1.s
.7565 17
.7457 18
.7388 M
.7326 20
.7234 21
.n65 22
.nlo 23
1.8283299
.8864300
.9ZL8301
.9386x12
.9441303

0.1957
L.25S 159
1.265 140
1.281 141
L.273 142
1.274 143
1.272 1440.1972
),62G237
.7782 38
.7673 39
.7598 40
.7628 ao J~*6
.74s3 42
.7343 43
.7276 u
.7~6 45
.7081 46

m-l

).0391

).0091

1.0445

1.0757

).0415

1.0776

1.0143

I.0660

.o141

.0613

.,-.,?
G

.0251

.0746

.0735

4

0090s
00908

00910
m9u

t

16.89
16.88
3.336

tt

2.4463.42.529
2.556.3.82.509
85.0133.21.342

1s3.si.2s4
283.21.274
323.91.251
463.41.226
583..91.214t

2.160
2.172
1.o28
.9931
.988t
.979f
.96S2
.9612m

3.3KJ2KI.4333.21.1190.Sssf
3.37127a.9 3s5.91.144 .8972
3.3832?7.5463.41.160 .621.6
3.394276.0683.81.164 .934C
S.406274.56.K).O1.166 .93E
1.776281.9333.20.97750.7405
1.708278.9583.6.s668.7339
1.801276.04s3.4.9093.6919
1.816272.3583.8.Sm2 .6904
1.628269.4620.0.690S.66se
10.46 80.5153.2l.ssl1.319

1S3.61.8271.4s2
263.21.9131.581.
363.91.m6 1.617
4s3.41.941‘1.635
563.81.9521.657

2.495164.4233.11.0680.6042
2.4s.9165.92S3.21.083 .8243
2.501183.5383.81.072 .6259
2.504183.0483.41.061 .6248
2.5071S2.65s3.81.052
2.510Isq.1620.11.047. :=
L1.54 ..*2O35.62.2021.778

66.62.1s01.774
163.82.1281.750
3s3.92.1171.776
483.42.1101.762
563.82.1031.766

3.946 6.0 55.61.5431.79
3.934 i6.9 66.61.4371.95
3.916 7.9183.61.35,51:05s
3.904 6.9383.91.263 .s957
3.680 9.94s3.41.256 .976S
3.87510.9563.81.235 .9E99

4442.LG-29-2.033.62.9192.441
S6.62.7902.339
16S.62.66=J2264
3S3.92.6112.24U
463.42.6032.i?48
S85.82.5762.235

L1.75 -2.053.62.1631.755
11.76 -2.286.62.1721.767

-2.4165.62.07S1.702
KL.77 -2.6383.92.02S1.692
L1.7s -2.8463.42.0011.679

-5.0S83.6.9631.672
3.90611.433.61.5741.207I
3.89412.486.61.3751.039
3.8s013.41S3.61.280 .9792I
3.S6614.33.93.91.213 .9314
3.65215.34s3.41.188 .9121
3.83816.3563.81.164 .8938
3.619259.0333.21.0870.8366
3.62225S.6363.91.091 .8479
3.626268.34s5.41.079 .8465
3.628257.9563.81.070 .6457
3.s32257.5620.01.066 .6444
,3.03-5.535.63.452e.942
3.m -3.26J3.63.3342.846
2.97 -2.9183.63.2092.760
2.94 -2.6383.93.lSJ.2.779
2.91-2.3@!.43.1632.7TLl2.s6-2.05S3.83.1832.784t

41
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TKSLEI.- continued.RESULTSOFSTUDYOrNEATTRANS~ FROMCYLI- INSUBSONIC6LIP2U3N
—

.TNut Run

1.s57 262’
1.322 263
1.306 264
1.293 265
1.!281 266
1.271 267
1.140 25
1.018 28
.9719 27
.9485 28
.6246 2J
.8036
.8879 31
.6761 S2

M -iz-
.0400

.00916

Nut

1.086
1.I.39305
1.165 306
1.168 307
1.173 308

2.!3361055
2.5541056
2.5601057
2.6021056
1.138 97
1.052 98
1.081
1.0s7 1%
1.036 101
1.020 102
1.093 49 0.2072
.9540 50
.9351
.9231 %
.9145 53
.8979 54
.8026 g o.~sl
.87CQ
.8534 51
.6639 58
.8467 56

1.518 748
1.530 ~& 0.2357
1.527 746
1.520 747
1.249 743
1.366 857
1.371 6580.2921
1.331 859
1.316 860
1.305 861
1.294 662
1.7401029
1.9511030
2.0451031
2.0621032
2.0981033
2.1141034
1.463 724 0.292[
1.482 725
1.489 726
1.202 722
1.390 723

0.19’97

0.1969

0.1996.0559 5.14779.013?i.21.464
183.81.359
283.21.374
363.91.335
483.41.302
563.81.277

.8735 33

.8724 34

.8592 35
1.0’s9 187
.9971;::
1.047
1.029 190
1.020 191
1.011 192

0.1997.0745

‘.0254
.025.3

1.0256

‘.0402

1.0403

3.84060.0 133.21.412
183.61.230
233.11.221
283.21.201
333.21.165
383.91.162
433.01.140
463.41.123
533.01.112
563.81.110
620.11.080

0.8564157
.89611S8
.8808159
;67;; g

.84991620.791192.01620.111.7920.1998

0.1999

0.2CQ4

0.2CX18

o.!a319

0.2025

0.2032

i

1.363
1.326 z
1.299 123
1.279 I-24
1.236 125
1.240 126
1.378 727
1.518 728
1.615 729
1.663 730
1.682 731
3.725 ~
1.534
1.198 404
1.071 405
1.030 406
1.003 407
;.:% 811

612
1:344 613
1.337 614

.

,.0143

1.0251

,.0252

,.0257 T1.334 81S
1.325 616
3.196 6’63
3.181 982

1.546 528
1.587
1.587
1.601 531
1.589 532
1.599 553
1.240 205
1.247 206
1.230 207
1.220
1.206 209
1.202 210
0.9S7226S
.9701269
.9701270
.9710271

1.26Q 364
1.M9 365
1.129 386
1.091 387
1.067 386
1.049 389

;.:% 4$:

:9749410
.9320411
.9127412
.8647413

3.175 981
3.199 86C
3.273 979
3.336 97e
1.577 83e
1.529 64a
1.523 841
1.493 842
1.462 843

1.447 844
3.481 95s
3.290 954
3.2=5 9s5
3.206 9s6
3.203 957
3.221 9s-

I.0411

.-.

1,0567

1.05820.2034

w
io.2046
I

I

).0761

.

.<.
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TABLEI.- Ccmtlnued.RSWUJ%OFSTUDYOFSEATTRANSFSRFROMCUINH INSHNIC SLIPBLOW

.

9

.

TK m

0.2970.0752

0.29780.0550

i

0.29Kl0.0142

3.29830.0142

0.0253

0.0254

).29.970.00922

).29900.0739

.29940.0399

0.0400

.3(X350.0264

Rel

5.1:

7.6i

!S.51

1.23
1.*
1.2-I
1.29

::%

3.91
5.92
5.86
5.89
5.90
5.74

5.71

3.84:
1.85
).85:
t.82;
}.83:
;.67

.30120.023317.83
17.64
17.65

0.025417.60
17.61
17.62

.30190.0591 7.574
7.570

0.0522 7J563
7.561
7.657
7.632

.30210.0564 7R37
.0565 7.019
.0566 7.002
0.0567 6.997

6.991
,30400.0585 7.232

7.236
7.241
7.245
7.25-9
7.254

7+Tt Tw Nuf

262.533.21.234
323.91.214
483.41.178

62.$ X53.21.617
183.61.561
263.21.526
383.91.479
463.41.437
5S3.61.405

89.0 1S3.22.434
183.62.674
283.22.715
3s3.92.762
483.42.758
583.82.756

-s.0 33.63.172
-3.2 86.63.151

4 183.63.044
=~:6383.92.990
-3.6483.42.962
-4.0583.82.941

94.4“583.62.059
94.0620.12.039
.96.0 233.11.776
.95.2 363.92.062
.94.8 483.42.067
89.0133.22.911

183.63.236
283.23.314
3’93.93.339
483.43.339
5S3.83.356

80.4133.21.437
163.61.361
233.11.330
263.21.311
333.21.296
385.91.268
433.01.245
485.41.228
533.01.210
583..91.194
62Q.11.lUI

94.0483.41.557
93.5563.61.565
33.0620.01.558
35.0333.21.442
34.5383.91.513
39.5155.22.164

183.62.1s0
283.22.183
383.92.159
483.42.142
583.62.132

0.4383.92.247
.2463.42.225

0 563.62.205

Qo 33.s 1.739
.2 66.61.640

0.4163.61.567
.6383.91.467
.8483.41.451

1.0583.61.421
2.0353.21.141
3.5383.91.271
5.0485.41.305

Nut

0,973(
.9s14
.936’
.929!
.927
1.278
1.256
1.222
1.191
1.163
1.141
2.031
2.266
2.32s
2.393
2.405
2.U9
2.675
2.676
2.605
2.588
2.569
2.582

1.786
1.751
L.452
L.742
L.761
?.475
2.794
?.693
?.936
?.956
?.988
L.115
1.055
1.035
!.025
!.019
.9970
.9796
.9662
.9553
.9438
.9326
,.266
..307
..304
..163
..236
.800
.816
.632
.627
.824
.827
.696
.690
~
.966
.934
.889
.356
.279
.232
.183
.161
.136
.8866
.o13
~

IRu

la
m
la
la
10
101
E
102,
102!
102(
102’
102I
92!
93(
93:
93:
9?K
934

105$
106(
1061
106Z
10s2
1064
7
62
62
64
65
66
67
68
69
70
71—
699

%

z:=
335
336

E:
539
G
691
~
687
066
889
’215
616
G
616
619

K
672
~
574
575
G
m
?01
?02
203
?04—

TM Kn

0.3060.07S

To.31830.0444
T0.39460.039]

--t--

0.39610.024:

-1-0.39770.041C

To.0411

2.39820.0776

*

1.39660.cYJ91
.M91
.0081
.m91
.WJ91

).39870.0766r0.0767
T).3991o.o141

l--0.0254
0.0255

f

0.0256
0.0257

.40000.0407

T.40030.0143
I.4004.0574 403.41.542

583.81.492

,

k1.4131.448
1.432
1.426
1.414
2.871
3.089
3.2Q6
3.254
3.264
3.276
2.237
2.240

“:::;:
2.172
2.073
1.753
1.696
1.636
1.526
1.565
1.536
1.172
1.055
1.085
1.057
1.032
1.m7
3.5CCI
3.477
3.523
3.626
3.661
1.332
1.257
1.163
1.024
1.066
1.041
3.037
2.929
2.821
2.622
2.611
2.803
1.8s2
1.695
1.693
1.240
1.536
1.537
1.563
1.350
1.536
1.519
1.509
2.268
2.503
2.591
2-617
2.629
2.634
1.366
1.316
1.2.95
1.269
1.262
1.225

mmI
175
176
177
178
179
lm
486
487
486
469
490
L071
L072
L073
L074
L073
1076
861
662
883
884
885
606
m
.934
835
836

r3:
426
427

%

431
994
993
992
991
990
767
766
769
770
771
772
941
942
943
944
345
946
754
752
~
751
r49
k92
k93
k94
k95
L96
L97
)41
)42
}43
144
145
)46
,44
,45
,46
847
46
.49

.-

.—



44 NACATN 4369

TABLEI.- Continued.RESULTSOFSTUDYOFS?JATTRANSF2FIFROMCYLINDERSINSUBSONICSUP BLOW

) , 1 1 1

o.025J 20.68283.7403.42.071
283.8583.82.113

.
0.9801668 0.4931
I.oas 867
1.143 6680.4951
1.151 6G9
1.144 870
1.447 821
1.444 622
1.?i33617 0.496:
1.395 616
1.442 619
1.448 620
1.959 .540
1.9ss 541 0.496e
1.996
1.996 %
1.982 544
1.976 545
l.oaa 702
1.207 703 0.4974
1.377 704
1.412 705
1.414 706
0.7652646
.8950647
.9451.56 o.~gs~
.9=

0.9571650
1.187 73
1.144 74
1.134 75‘
1.111 ~~ o.498e
1.092 77
.987a 76
1.047
1.025 :;
1.011 61
.9977 62 0.4992
.9893 6?i
1.641 732
1.747 733m1.768 7.34
1.82Q 735
1.831 736 0.499S
1.8571113
2.2111114
2.4-901115
2.!301116
2.51611170.W05
2.5271118
1.451 609

-
0.5006

0.5010

0.34316

5.966I 995!

Rn

).OU91O
).0143

m

E

IJ1398

).0255

I.0403

1.03.28
1.0389

1.0390

1.0573

1.0264I

1.0255

1.0401

1.0402

1.0565

).0761

1.0411
I.0412

Re~ Tt Tw Nu:

117.8017..79
17.78
17.77
17.76
17.75

726.34TF-8.033.62.270
-7.6 66.62.217
-7.6163.62.146
-7.43ss.92.oWl
-7.2483.42.011
-7.0583.81.986
67.0133.22.377

183.62.487
223.22.464

I 383.92.445
483.42.418
583.62.387

m
’74119301233+653

I I I

Nu~

4.002
2.277
2.615
2.735
2.766
2.777
2.760
3.oal
3.023
3.007
2.97S
2.966
2.940
2.397
2.339
2.266
2.211
2.175
2.148
1.842
1.809
1.766
1.713
1.689
1.675
1.980
2.077
2.095
2.096
2:086
2.066
1.572
1.616
1.632
1.571
1.604
1.567
1.683
1.860
1.752
1.6S8
1.654
1.623
1.KU
1.185
1.220
1.225
1.223
1.223
1.677
1.W8
1.896
1-941
1.966
1.962
G
1.419
1.448
1.464
1.474
1.058
1.163
1.196
1.196
1.195
1.439
1.294
1.27.3
1.139
1.110
1.0s0
1.W8
1.451
1.533
1.539
1.EJ2
1.340

-

Run

.

“

.

.

.
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TABLE1.- Continued.RE30LT8ORSTODYOFNEATTRANSF3ZFROMCYHNCER6INSG’S80NICSLIP FLOW

Ret I Tt % I Nu; RunH

1.X)51

1.50s

1.3061

1.5087

1.5195

.5214

1.5651

ml

0.0578

0.0570

0.0141

1.416
1.395
1.347
1.314
1.286
1.260
1.657
1.534
1.414
1.383
1.322
1.289
2.023
2.336
2.596

450
451
432
453
454
455
S03
804
SOS

%
806
G
L120
1121—
u22
u23
L124
G
562

z
559
558
L077
1078
1079
!02JJ
.081—
432
433
434
435
436
437
791
792
793
794
795
796
m

G
715
716
=
.026

‘“5’7’~
A
d
d
m .5996 O.olu 54.46 84.0133.22.s802.4461083

183.63.146 2.714 10s4
283.23.276 2.6611025
383.93.3202.922 1085
463.43.302 2.923 10s7
563.83.2972.934 10S6

.60010.05s914.51 -6.0 33.62.100 1.687 797
66.6l.gsl1.593 798
183.61.6711.514 799
383.91.7541.437 800
463.41.6971.393 801
583.61.6571.363 802

0.0142

0.0556
.0557
.0558
.0559
.0560
.0561
0.00924

*

46.14183.8483.43.012
46.09164.4583.83.024

2.653
2.679
2.873
1.023
1.031
1.046
1.064
.946E
.9582

3.009
3.2525
3.442
3.466
3.510
1.2S9
1.192
1.136
1.11s
1.087
1.051
1.72Q
1.604
l.sls
1.437
1.410
1.373
1.269
1.407
1.463
1.428
1.W9
1.599
1.798

*

L1.711S7.6363.91.330
L1.69188.8263.21.218
U.66 120.0233.11.237

.
0.0773

D.0583

iii

9.01289.0133.21.626
183.61.510
263.21.431
383.91.396
463.41.354
563.81.307

L3.96 -4.5 33.62.136
86.S 1.9S3
183.61.872
383.91.755
483.41.715
5.93.81.667

.60110.040616.49 169.0233.11.7111.393 530
0.040718.47189.6283.21.2021.576 631

16.45 120.23s3.91.6601.574 632
18.43190.6483.41.s51 1.580 633

0.040816.41191.4563.81.616 1.541 634)
16.39 192.0620.11.8011.526 6341

.60170.07421.I.13-5.0 33.61.8191.431 761
-4.s 66.61.7031.336 762

0.0743U.12 -4.6183.61.6121.275 783
11.12 4.4 363.91.488 1.16S 764
11.11 -4.2463.41.444 1.154 765

0.074411.10 -4.05s3..91.4061.124 766.5906

.5915

3.0396
.0399-—
2.oKmI=l+EL6.09276.0333.21.555

16.04277.5383.91.697
L7.99279.0483-41.765
L7.95280.5583.61.768
L7.91282.0620.01.775
?9.731.90.0233.11.935
?2.71180.4263.22.139

3.0401
3.0250

, , ,
3.0251--1--?9.68l.W.S

?9.66181.2
?9.64161.6
?2.62162.0
i3.07 -0.8
E3.09 -9.0H-383.s 2.330

483.42.365
563.62.360
620.12.344
483.42.596
563.82.5S5

1.994
2.042
2.O.W
2.040
2.242
2.225
2.453
2.421
2.333
2.275
1.837
2.035
.9677
2.130
2.123
2.111
1.271
1.34s
1.337
1.316
1.292
1.266

.097
,098
,399
.100
903
904
=

901
902
=
.m
007
CH36
.309
.010
=
469
470
471
472
473

.5928

.5833

.5943

>.0247

>.0246

1.0253

1.0567
7K5.oo
S3.01
;3.03
J3.05
10.76

-6.Ot33.612.930

it

-6.2 66.62.875
-8.4183.62.751
-6.6383.92.646
62.0133.22.223

183.62.422
263.21.249
383.92.461
463.42.458
583.62.431w.3.23 83.0 33.21.808
183.61.67S
283.21.649
83.91.611
483.41.573
583.81.53S

,3.07168.6233.11.460
283.21.w8
3S3.91.52S
463.41.520
583.81.498
620.11.501

.5958).0571 1.1s3
1.214
1.246
1.252
L.241
1.247

587
Em.
589
560
521
592

.

I I I
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TABT.F.T.- Concluded. RESULTSOFSTUDYOFWT TRAN8= FROMCYLINIERSINSOESONICSLIPlW.CW..—— -. .-. .-—-——.

L>.7008O:~A~

.0410
0.0411

--F0.0412
0.70120.0573

-t
0.70190.0761

1-0.0762

t-
0.70350.0400

0.0402

---F0.0403
.0404

0.70EJJ0.0402

--i-

0.70770.0565

-1-0.71270.0237

-1-0.71580.0408

1-0.0582

F0.05s30.0584

T0.0763
0.73730.0754

T0.7582.0141

Re~

15.05

20.73
20.67
20.61
20.55
20.57
20.49

15.42

12.19

12.20
12.18

20.36
20.50
20.44
2Q.39
20.34
23.28
E3.26
23.29
23.30
23.32
23.33
14.67
14.68
14.69

iczi
10.99

11.00

37.68

21.99

;; .::
.

16.19
16.17
16.15
16.13
lJ.36.
11.35
=
12.17

69.57

! !

&66.0233.11.502263. 1.542
3S3.91.524
483.41.513
563.81.493
620.11.496

34.0620.11.823
95.558S.81.641
37.0483.41.674
38.5383.91.876
36.0233.11.735
30.02s3.21.608

TrB1.3133.21.671
163.61.705
283.21.685
383.91.647
4s5.41.s07
583.B 1.572

=

-3.7183.S 1.568
-3.8363.91.454
-3.94s3.41.407
-4.05S3.81.368
-3.333.81.748
-3.6 68.61.670
74.03S3.21.616
7S.5383.91.746
77.0463.41.767
76.3583.61.793
60.0620.01.792

TL11.0 33.62.330
11.2 86.82.322
11.41S3.62.222
11.6383.92.117
11.8463.42.060
12.0583.82.017
76.0333.21.291
75.8S83.91.396

E
7S.54S3.41.466
75;2583.61.480
75.0620.01.479
78.5333.21.153
76.4383.81.252
76.2483.41.248
76.15S3.61.238
76.0620.01.228
80.3133.22.249

183.62.552
263.23.611
383.92.606
463.42.699
563.62.521

82.0133.21.967
163.62.145
2s3.22.036
363.91.997
483.41.657
5S3.61.919

-8.5563.61.599
-8.1483.41.646
-7.73s3.91.702
-7.3163.61.818
-6.9 86.61.907
-6.533.61.999
84.2483.41.261
84.6563.61.246
85.0620.11.242
n.o 133.21.470

183.61.477
283.21.442
383.91.414
4s3.41.366
S63.61.372

-6.5 33.65.766
66.63.649
163.63.796
383.93.666
483.43.636

Nut

1.202
1.247
1.245
1.245
1.236
1.243
L.5SJ
i:562
1.562
1.571
L.413
L.492

1.330
1.372
1.371
1.351
1.325
1.3cm
1.235
1.15s
1.I.20
1.0s8
1.365
1.309
1.326
1.455
1.3a4
1.522
1.524
1.898
1.908
1.840
1.777
1.735
1.705
1.027
1.130
1.207
1.229
1.232
0.901:
.979:
1.004
1.004
.9961
1.909
2.165
2.234
2.250
2.542
2.196
1.621
1.778
1.696
1.677
1.652
1.627
1.309
1.345
1.368
1.485
1.528
1.595
1.011
1.006
1.005
1.147
1.163
1.146
1.133
1.029
1.11.2
3.353
s.334
3.317
3.261
5.233

ERun M ml

593 0.76350.0559
594
585
596 0.0360
587
598
840 0.77140.0759
839
638
637
635

474
475
476
477
478
479

782
783
764
778
760 0.0774

717 0.78310.0386

716
719
720
721 0.0367

664
865
866
667
868
667

669
690
691
636

658
659
680
.017
.018

.020
1021
022
Slo
S1.1
512

514
EL5
826
825

8’22
621
5$7
568

456
457
458
459
460

972
973
974
975
976

*..

Ret Tt Tw Nu; Nut
1

+@

15.5927~.25S3.61.4651.216
275.0W.O 1.4911.243

15.57276.0353.21.4301.155
275.8383.91.4671.196

15.58275.548S.41.4741.214
11.57278.0333.21.1730.9194

275.9363.91.238 .9850
275.6483.41.241 .9982

L1.58275.6583.81.2331.000
275.5620.01.224 .9948

13,78 -8.0 33.6

1

.8541.464
86.61.7531.385
183.81.6451.307
383.9 .5141.212
463.4.4651.175
5S3.8.4201.136

, 1 ,

g

Run

695
566
822
693
604
661
682
663
G
885

~

%~g
=
578
g

~

g

878
879
66o
z%
G
x
.0s1
Gz
.093
K
K
~:;

.110
,111
112
K
912
9X3
914
915
916
z
828
m
830
831
832
=
463
484
465
466
467
=
461
462

h?
4s5
~

518
519
:g
—
7B5
786
787
788
789
7s0

.

—

-.

.

.
-.



NACATN 4369

TABLEII. - ORGANIZM!?IONOFRESULTSFORNOMINALV. OFP~

47
.

*

.

Nominal Ihminal Machnumber>M
Ihuasen
number,0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
ml

Runnumbersafor Tt= 0°F
0.0770 342 336 330 402 767 773 761 779 785

420 414 408
0.0555 396 390 324 815 809 791 797 821 827

384 803
0.0416 378 372 857 839 833 845 851 863 875

869
0.0256 354 366 917 887 881 893 899 --- 91.1

360 905
0.0143 348 935 923 929 941 959 965 --- 972
0.(X3916--- 984 947 953 990 995 --- --- ---

978
Runnumbersafor Tt= 80°F

0.0770 1 13 25 61 73 432 438 456 462
37 49 426

0.0555 85 91 97 103 444 450 468 474 480
0.0416 109 m I-21486 492 498 504 510 516

1.27262
0.0256 133 139 528 534 540 546 10051o11 ---

522 1017
0.0143 145 103510291023104I10471083---- ---
0.00916m 10651053105910711077-------- ---

/ Runnumbersafor Tt= 180°F
0.0770 169 163 157 175 --- --- ---

0.0555 193 181 187 199 552 558 587
599 Em

I ! 1 I I I 1

0.0416 217 ~ 21il 205 I 611 617 623 630

0.0256 223 229 743 737 749 755 1095

0.0143 235 --- --- --- 1113 1119 ----

=-d
m

Run numbersa for Tt - 280°F
0.0770 278 247 252 257 646 --- 651 656 661

0 ●0555 283 273 268 671 666 641 681 687 692
676

0.0416 288 293 304 697 702 707 712 717 ---
299

0.0256 309 314 722 727 732 --- --- --- ---

0.0143 319 --- --- --- --- --- --- --- ---

aEaeh run number is the first of a @youP of runs in table I
attheindicatednminalvaluesof M,h, and !l?t.
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Power
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anemometer
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Wtiplier dial
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(a) Kelvin bridge okmneter.
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(b)Constant-average-temperatureanemometer.
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Figure7. - Anemcaneterelectricalequipnent.
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